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SUMMARY
The effect of ultrasonic agitation on the grain size, 
porosity, hardness, brightness and internal stress of copper 
deposits from an acid sulphate electrolyte was studied. The 
influence of ultrasound on cathodic polarization, limiting current 
density and current efficiency was also investigated. v
An acoustic plating tank was devised, and an acoustic 
calorimeter constructed. The calorimeter was used to measure the 
ultrasonic intensity in the electrolyte. The cavitation threshold 
intensity was determined with a piezoelectric probe.
The properties of deposits from the ultrasonic bath 
were compared with those of deposits from still and stirred baths 
formed under identical plating conditions. Experimental techniques 
included optical, transmission and scanning electron microscopy and 
Spark Mass Spectrometric Analysis. Deposit grain size was measured 
by the linear intercept method and internal stress was determined 
with a Brenner Senderoff Spiral Contractometer. The porosity of 
deposits was calculated from their density.
Ultrasonic agitation raised the limiting current density 
and, at high current densities, the current efficiency. Further, it 
increased deposit grain size, hardness, brightness and internal 
stress and decreased porosity. These changes are attributed to 
cavitation in the electrolyte. It is established that hardening 
results from a decrease in porosity and from work-hardening, and 
that increased brightness is due to cavitation erosion of the dep­
osit surface. Work-hardening is caused by repeated impacts on the 
deposit which arise from cavitation collapse. Further, it is 
concluded that the decrease in porosity and increase in internal 
stress are due to the promotion of lateral deposit growth. The 
rise in limiting current density and increase in grain size result 
from a reduction in concentration polarization caused by stirring 
arising from cavitation. The industrial significance of ultra­
sonic agitation is discussed.
INTRODUCTION
The application of ultrasonic agitation to. electro­
plating was the object of many exaggerated claims in the fifties. 
More recently, however, it has been demonstrated that definite 
advantages are to be gained by its use. For example, a comparison 
of the results of several different workers indicates that plating 
in an ultrasonic field produces brighter and harder deposits with 
lower internal stress and porosity. Further, good quality deposits 
can be obtained at higher current densities than normal which 
shortens the deposition time to produce a certain plate thickness.
In the past few years those advantages have resulted in attempts 
to utilise ultrasonic agitation in industrial plating processes.
The aims of this work are to clarify the effect of 
ultrasonic agitation on deposit properties and to elucidate the 
reasons for property changes. The study was instigated because 
the literature, which is mainly of Russian origin, contains many 
conflicting results; moreover the reasons for some of the property 
changes, particularly increased hardness and brightness, are not 
understood and the explanations so far advanced seem invalid.
in the present work the above objectives are pursued 
by investigating the effect of low frequency ultrasound on the 
properties of copper deposits from an acid sulphate electrolyte.
The results confirm that ultrasonic agitation raises the limiting 
current density for deposition, increases deposit hardness and 
brightness and internal stress and decreases porosity. Moreover, 
new explanations are provided for these property changes: namely, 
that hardening is caused by a decrease in porosity, and work- 
hardening, that increased brightness results from cavitation erosion 
of the deposit surface and that the decrease in porosity and 
increase in internal stress is due to the promotion of lateral 
deposit growth.
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CHAPTER 1
PHYSICAL BASIS FOR THE EFFECT OF ULTRASONIC 
AGITATION ON ELECTRODEPOSITION
1.1. Introduction
In this chapter the properties of ultrasound that have 
been shown by experiment to be particularly important in relation^ 
to electrodeposition are described. It will be seen that a fore­
knowledge of these almost allow prediction of the effects of 
ultrasonic agitation on the properties of deposits.
Ultrasonic is the term given to the physical vibration 
of particles at a frequency above the audibility of the human ear 
(generally defined as vibrations above 16KHz). Ultrasonic waves 
therefore, are of precisely the same nature as audible sound waves 
and their propogation and absorption in various media are governed 
by the laws that apply to audible transmission.
When ultrasound is applied to a liquid the vibrations 
induce in the particles of the medium an oscillation with respect 
to their equilibrium position and a continuous displacement called 
acoustic streaming. The particle displacement caused by ultrasound 
is given by equation 1 .1 .
X
y = yQ sin. W (t - -) 1.1
particle displacement 
particle displacement amplitude 
velocity of ultrasound in the medium 
angular frequency : 27rf 
time of application of ultrasound 
initial distance of particle from transducer.
Probably the most important parameter of liquid borne 
ultrasound is intensity. This is the amount of acoustic energy in 
unit time passing through a unit area of a medium perpendicular to 
the direction of sound propagation. As shown in equation 1.2 
ultrasonic intensity may be expressed, in several ways and is related 
to the oscillating acoustic pressure amplitude, R0 , and to the
where y =
Yo = 
c =
W = 
t = 
x =
1
square of the particle displacement amplitude, yQ .
I — 2pcy0 W
where I = -intensity
R0 = oscillating acoustic pressure amplitude 
Z = acoustic impedance 
U = particle velocity 
p = density of the medium
1.2 Low and High Frequency Ultrasound
Ultrasound is separated into low and high frequency ranges. 
The former is generally accepted as ultrasound with a frequency in 
the range 16 to 30KHz, and the latter with a frequency above 50KHz. 
Important differences exist between low and high frequency ultrasound. 
For example, the particle displacement amplitude, yQ , is considerably 
larger at low frequencies: at a given intensity it is inversely 
proportional to the frequency according to equation 1.3
inversely proportional to the frequency as shown in equation 1.4
wavelength with frequency cause cavitation and the formation of 
standing waves respectively. Both effects are of importance when 
ultrasonic agitation is used during electrodeposition.
1.3 Cavitation
through 'a small region in a liquid, the medium is subjected to an
2 I 1.3yo
2 pcf2TT2
Further, the wavelength of sound, A , in any medium is
c
X 1.4
f
The variation of the particle displacement amplitude and
Cavitation arises from the fact that as ultrasound travels
alternating acoustic pressure, R, which varies sinusoidally; accord­
ing to equation 1.5
R - R0 sin. W (t - 1.5
2
During the positive half of the pressure cycle the liquid 
is compressed, whereas during the negative half cycle it is 
expanded.
Cavitation is of two types: true (or vapour) and gaseous.
1.3(a) True Cavitation 
True cavitation occurs when the negative acoustic pressure 
exceeds the cohesive force between the liquid molecules. The 
cavities formed contain only liquid vapour. They expand during the 
negative part of the pressure cycle and then collapse abruptly in 
the positive half releasing energy at such a rate that shock waves 
are produced.
1.3(b) Gaseous Cavitation 
Gaseous cavities are observed in liquids which contain 
gas bubbles. They are generally more stable than vapour cavities 
because their size oscillates to a lesser extent in response to 
the varying acoustic pressure. Moreover, depending upon whether 
the initial radius of a bubble is smaller or larger than .a critical 
value, rQ , given by equation 1 .6 , it will either collapse or grow 
under the influence of ultrasound.
rQ2 = 3 Y (P0 + 2Tsr0-1 ) 1<6
W2 p
where PQ = hydrostatic pressure in the liquid
y = ratio of the principal specific heats of 
the gas contained in the bubble.
Ts = surface tension of the bubble
If the initial bubble radius is smaller than the critical 
radius and the acoustic pressure amplitude is sufficiently high, 
the bubble will collapse suddenly during compression with the 
release of energy. The magnitude of the energy liberated increases
rmwith the value of the ratio __ • rm is the radius of the bubble when
r o  *
it has expanded to maximum size, and increases with rise in the 
acoustic pressure amplitude. Hence, the energy released on bubble 
collapse is greater at high intensities. Gaseous cavitation
■ ' . 3
occurs at lower ultrasonic intensities than vapour cavitation, 
because it is not necessary for the acoustic pressure amplitude 
to exceed the cohesive force of the liquid molecules in order to 
create cavities.
A bubble increases in size under the influence of ultra­
sound if its initial radius is larger than the critical value. The 
growth, which occurs over a number of pressure cycles, is thought 
to be due to a gradual diffusion of gas into the bubble. It is 
proposed  ^ that during rarefraction the liquid is supersaturated 
and gas diffuses into the bubble, whereas the liquid is under­
saturated during compression and gas diffuses out. However, since 
the surface area of a-bubble is much larger during rarefraction, 
more gas enters it than leaves during compression and the bubble 
steadily increases in size. The bubbles move about in the liquid 
during ultrasonic irradiation eventually arriving at a relatively 
stable region where they coalesce to form larger bubbles that rise 
to the surface where the gas is liberated. This is probably the way 
in which ultrasonic agitation promotes the rapid separation of 
gaseous products during electrodeposition.
1.3(c) Cavitation Threshold Intensity
The cavitation threshold intensity is the minimum ultra­
sonic intensity required to produce cavitation. It increases sharply
2with rise in ultrasonic frequency above lOKHz. Hence, at a given 
ultrasonic intensity, cavitation is more vigorous at low frequency
of*
than^-high frequency irradiation. Low frequency ultrasonic agitation 
of a plating bath, therefore, should have a greater effect on 
deposit properties than high frequency agitation.
The increase in cavitation threshold intensity with rise
in ultrasonic frequency is probably associated with the fact that,
the particle displacement amplitude, yQ , is inversely proportional
to the frequency at a given intensity (see equation 1.3). Thus, at
high frequencies where the particle displacement is small and the
rarefraction and compression half cycles are short, it is likely
that the finite time required for a cavity to grow sufficiently
large to rupture the liquid completely is not available at normal
3
intensity levels.
4
1.4. Wavelength
A further distinction between high and low frequency 
ultrasound is their wavelengths in a liquid: the former has a short 
wavelength, whereas that of the latter is relatively long.
Owing to its short wavelength high frequency ultrasound 
has a number of disadvantages when it is used to agitate an electro­
lyte. For example, it is usually very directional and is 
accompanied by sharp focusing and shadowing, whereas low frequency 
ultrasound tends to reach around objects in its path by diffraction. 
Moreover, considerable variation in acoustic intensity occurs in a 
high frequency ultrasonic field because of the formation of standing 
waves. *
1.4(a) Standing Waves
Standing waves are caused by the interaction of the 
primary waves with secondary waves reflected at normal incidence 
from an interface between two different media.
In a standing wave field compressions and rarefractions 
do not travel through the liquid as they do when a progressive wave 
is propogated, but specific regions of the medium corresponding to 
the antinodes of the acoustic pressure field are alternately com­
pressed and expanded. Between each pair of acoustic pressure maxima 
(antinodes) is a region where no pressure changes occur (node), but 
where variation in particle displacement is a maximum. In other 
words, the point of maximum acoustic pressure (maximum ultrasonic 
intensity) in the field corresponds to the point of minimum particle 
displacement. This is because there is a 180° phase change either 
in the acoustic pressure wave or the particle displacement wave on 
reflection. The distance between consecutive acoustic pressure or 
particle displacement maxima is equal to half the wavelength of 
sound in the liquid. .
It is also to be noted that in a standing wave field the 
acoustic pressure amplitude and the particle displacement amplitude 
of the incident and reflected waves are summed. Hence, since ultra­
sonic intensity is proportional to the acoustic pressure amplitude 
(see section 1 .1 ), the maximum intensity in a standing wave field is
5
greater than the intensity of the progressive wave field from which 
it is formed.
Since a liquid containing a standing wave field has 
alternate regions in which the ultrasonic intensity is .a maximum and 
a minimum, the degree of cavitation varies considerably. It is a 
maximum at the acoustic pressure field antinodes (points of highest 
intensity) and a minimum at the nodes (points of lowest intensity). 
Consequently, if electrodeposition is performed in an electrolyte 
that contains a standing wave field and a cathode that is large com­
pared with the wavelength of the ultrasound, a rippled deposit may 
be formed whose structure and properties vary in bands over the 
cathode.
1.5. Intensity Losses
Intensity losses occur in the course of the passage of 
ultrasound through a medium due to sound absorption by the substance 
and reflection at interfaces in the path of the sound.
1.5(a) Sound Absorption 
During the propogation of ultrasound in a liquid the 
intensity decreases as the distance from the transducer increases 
according to equation 1.7
I = I0e"2ax 1.7
where I = intensity at distance x from the source
IG = intensity at the source
a = sound absorption coefficient in the medium
Over a wide range of frequencies, the sound absorption 
coefficient for most liquids is proportional to the square of the 
frequency. Hence, absorption of ultrasound is considerably greater 
at high frequencies.
' *
The energy of ultrasound is transformed into thermal 
energy when it is absorbed. Thus, if the ultrasonic intensity is 
high, absorption results in a considerable increase in the temp­
erature of the liquid. The main factors responsible for the
6
attenuation of ultrasound in a liquid are viscosity and thermal 
conduction.
1.5(b) Sound Reflection and Transmission 
The laws of sound reflection are the same as those for 
light provided that the wavelength of the sound is small compared 
with the dimensions of the reflecting material. Thus, when ultra­
sound meets a boundary between two different media it is partially 
reflected and partially transmitted. At the interface, the ratio 
of the acoustic intensity of the reflected wave to that of the 
incident wave defines the reflection coefficient, and the trans­
mission coefficient the ratio of the intensity of the transmitted 
wave to that of the incident wave. If normal incidence is consider­
ed the reflection coefficient, Ar , and the transmission coefficient, 
At, are given by equations 1.8 and 1.9 respectively.
(Z1 + z2 )2
where = specific acoustic impedance of medium 1 .
^2 = specific acoustic impedance of medium 2 .
The reflection coefficient and transmission coefficient, 
represent the intensity change at the interface due to reflection 
and transmission, and are such that their sum must equal one.
Equations 1.8 and 1.9 show that the intensity loss due 
to the reflection of ultrasound at an interface between two different 
media is governed by the specific acoustic impedances, and Z2/ 
the media involved. This is related to the density of the medium, P,
and the velocity of sound in the medium, c, as shown in equation 1 .10.
Z = pc 1.10
Hence, generally, when ultrasound is propagated from a 
solid or liquid to a gas, or vice versa, almost complete reflection
7
occurs, because of the larger difference between their acoustic 
impedances. Sound transmission from a solid to a liquid, or liquid 
to a solid, however, is more favourable because the acoustic 
impedances of the media are comparable..
S
CHAPTER 2
LITERATURE REVIEW
2.1. Introduction
Data are lacking on the effect of ultrasonic agitation 
on the electrodeposition and properties of copper plate from an acid 
sulphate electrolyte. On the assumption, therefore, that a knowledge 
of the way in which ultrasound effects other metal deposits will help 
in understanding its influence on copper, the effect of ultrasonic 
agitation on the electrodeposition and properties of a number of 
different metal plates is described and general conclusions are 
reached.
The effect of ultrasonic agitation on the hardness,
internal stress, porosity and brightness of electrodeposits is
reviewed. Since changes in these properties are often associated
with changes in deposit grain size, and because grain size is mainly
4conditioned by concentration polarization , the influence of ultra­
sound on grain size and cathodic polarization is described.
Further, the effect of ultrasonic agitation on limiting
current density and current efficiency is discussed. The limiting
current density determines the upper limit of the current density
range in which good quality deposits are formed. in an ultrasonic
field the limiting current density is also conditioned by the effect
of ultrasound on concentration polarization. The current efficiency
for deposition indicates the percentage of the total current that
is being used in some secondary reactions, such as the co-deposition
of hydrogen. Since occluded hydrogen in the deposit is believed to
&be a cause of internal stress , knowledge of the effect of ultra­
sonic agitation on current efficiency may help to elucidate the 
mechanism by which ultrasound effects internal stress.
2.2. Cathodic Polarization
It is generally agreed that ultrasonic agitation reduces
cathodic polarization during electrodeposition. For example, it has
7-9been found that the polarization for nickel . copper from   -- -
11 12 7 9 13 14-
cyanide 10 and pyrophosphate electrolytes ’ , tin * , chromium ’ ,
9 9 15 16
lead , cobalt , zinc and silver deposition is decreased by
9
. 9
ultrasonic agitation. Moreover, Kochergin and Terpilovskii report
4 - 2that the effect of ultrasound (f = 21KHz, I = 5.8 x 10 Wm ) is
greater when deposition is accompanied by high polarization. Thus,
during nickel and tin deposition, polarization was reduced by 100 mV
and 400 m\7 respectively. Similarly Roll 16 observed a marked
decrease in polarization during the electrodeposition of copper from
an acid sulphate electrolyte (CuSO^.SI-bjO 126gl  ^, H2SO4 27gl t)
3 -2subjected to ultrasonic agitation (f = 34KHz, I = 3 x 10 Wm ) (see
17
Fig 2.1) and Delville reports that for copper deposition from an
acid sulphate electrolyte acoustic vibration (f = 960KHz) reduces
the limiting cathodic polarization from 50 mV to 35 mV. According
9to Kochergin and Terpilovskii , however, polarization during copper 
deposition from an acid sulphate electrolyte (CUSO4 .5H2O 200gl ^ , 
H2SO4 50gl , C2H5OH 7.9gl is virtually unaffected by ultrasound
4 -2
(f = 2lKHz, I = 5.88 x 10 Wm ). This is an exceptional and un­
explained result.
300
1 200
a 100 m
IV
BBS*
20001200800 16000 400
Current Density Am"2
Fig. 2.1 Cathodic potential for copper deposition 
from an acid sulphate bath related to 
agitation and current density. ( After 
Roll1 6 ) Temperature 2 0°C.
I, s t i l l . ,
II, stirred.,
IE, ultrasonic agitation.,
( 1 —3 x 1  O'1 Wm'2 )
IV, stirring and ultrasonic agitation., 
( 1 = 3  x 10'1 Win'2 ) ,
10
18Bondarenko and Popov studied cathodic polarization for 
copper deposition from an acid sulphate electrolyte (CUSO4 9.6gl ,
H2SO4 14.7gl  ^) subjected to ultrasonic agitation (f = 1250 KHz, I =
4 - 2  o2 x 10 Wm ) at several temperatures in_the range 20-70 c. They
found that ultrasound reduced concentration polarization over a
considerable range of current densities. Moreover, they observed
that the decrease in polarization was greater when the electrolyte
had a low metal ion concentration. Similar results were obtained by
19 . .Wolfe et al . Accordingly Fig 2.2 shows that for copper deposition
from an acid sulphate electrolyte (CuSQ4 2 7 .2gl ^ ) at a current 
-2
density of l50Am the presence of ultrasound (f = 1000 KHz, I =
4 -2
4.0 x 10 Wm ) reduced the cathodic polarization from 92 mV to 38 mV. 
When copper was deposited under identical conditions of current
density and ultrasonic intensity from a more concentrated electro­
lyte (CuSO^ 137gl ^ ) the polarization was reduced by a much smaller 
amount: from 34 mV to 22 mV. The depolarizing action of ultrasound 
was also greater in electrolytes that were saturated with hydrogen 
gas. From this it was deduced that gaseous cavitation (see section 
1.3(b)) makes an appreciable contribution to the depolarizing 
action of ultrasound.
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Fig. 2.2 Cathodic polarization for copper deposition from an 
acid sulphate bath related to agitation and current 
density. ( After Wolfe et a l19 )
. .11
Contrary to established opinion, Bondarenko and Popov 
report that polarization in an ultrasonic field may be either 
higher or lower than in a still electrolyte. They studied the 
effect of ultrasonic agitation on cathodic polarization during the 
deposition of copper from sulphate and chloride electrolytes and 
the deposition of zinc from sulphate, chloride and ammoniacal 
electrolytes. At high current densities, where concentration limit­
ations are considerable, ultrasound reduced polarization during the 
deposition of copper and zinc from all electrolytes investigated; 
generally the higher the concentration limitations the greater the 
depolarization. At low current densities, however, where concen­
tration limitations are small, ultrasound did not change the 
potential, at which copper and zinc were deposited from thoroughly 
purified electrolytes, but it increased the polarization for the 
separation of zinc from electrolytes that were not additionally 
purified and electrolytes containing surface active substances.
The investigation was carried out using two techniques. 
Firstly, with ultrasonic vibration (f = 100 KHz, Amplitude = 0.8mm) 
applied directly to the cathode, and secondly with ultrasound (f = 
100 KHz) transmitted through the electrolyte. The first method was 
more effective, both in reducing the polarization at high current 
densities and increasing it at low current densities.
In order to clarify the nature of the change in polar-
20ization Bondarenko and Brusnitsina , using a vibrating cathode 
(f = 100 KHz, Amplitude 0.8mm) carried out two series of experiments 
to study the variation in polarization with time during the depos­
ition of zinc from a sulphate electrolyte. The change was measured 
at constant current density, firstly after the polarization current 
was interrupted and secondly after the imposition and removal of 
vibration. They concluded that the increase in polarization during 
zinc deposition in an ultrasonic field at low current densities was 
due to a rise in the passivation rate of the cathode surface. At 
high current densities ultrasonic agitation reduced polarization 
because the decrease in concentration polarization was much greater 
than the increase in passivation.
Several workers have investigated the effect of ultrasonic
12
intensity and frequency on polarization. For example, Wolfe et al
studied the variation of polarization for copper deposition from an
acid sulphate electrolyte (CuSO^ 27.2gl  ^, H2SO4 4.9gl ) as a
function of sound intensity and current' density at an ultrasonic
frequency of 1000 KHz. The effectiveness of ultrasound in reducing
polarization was found to increase with rise in field intensity to 
4 - 22 x 10 Wm , after which further increase in acoustic power caused
no appreciable change in polarization (see Fig 2.3). This was
attributed to the total elimination of concentration polarization.
21
According to Kapustin and Trofimov , at current densities above
-2 2 3lOOAm , ultrasonic agitation (f = 34 KHz, I = 1.5 x 10 and 3.0 x 10
-2 .Wm ) reduced the polarization for copper deposition from an acid
-1 -1
sulphate electrolyte (CuSC>4 *5H20 120gl , H2SO4 50gl ) by an amount
which was greater the higher the ultrasonic intensity. Below lOOAm
7
ultrasound had no effect on the polarization (see Fig 2.4). Roll 
reports that for nickel deposition from a sulphate electrolyte the 
effect of ultrasonic agitation on polarization decreases with increase 
in frequency, but at a given frequency increases with rise in ultra­
sonic intensity.
150
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Intensity Wm"2 x 104
Fig. 2.3 Dependence of cathodic polarization for copper deposition 
on ultrasonic intensity and current density ( Wolfe et al ) 
Ultrasonic frequency 1000 KHZ. Temperature 25°C
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Fig. 2.4 Cathodic polarization for copper deposition from an acid 
sulphate bath related to agitation and current density. 
( After Kapustin and Trofimov21 )
'It is widely accepted that stirring due to the implosion 
of cavities at the cathode surface is responsible for the depolar­
izing effect of ultrasonic agitation. Like conventional agitation, 
stirring caused by cavitation reduces the concentration gradient in 
the vicinity of the cathode by replenishing the catholyte with ions
from the bulk solution , and disrupts passive films on the cathode
15 19 22surface . Several workers 3 3 agree that ultrasound of cav­
itation intensity is more effective in reducing polarization than
. 19 .
conventional stirring. Wolf et al point out that mechanical
stirring reduces the diffusion layer to 10 "*m, but that surface 
conditions at distances less than this remain relatively unchanged. 
Cavitation however, causes disturbances at the cathode surface and 
hence reduces the thickness of the diffusion layer to a much smaller 
value than that obtained by conventional stirring.
For copper deposition from an acid sulphate electrolyte 
some disagreement exists about the degree to which ultrasound 
decreases polarization. This is apparently because different workers 
have used electrolytes of different composition; it is evident that 
the lower the concentration of metal ions in an electrolyte the 
greater is the reduction in polarization caused by ultrasound.
14
Further, at a given frequency the depolarizing effect of ultrasound 
increases with rise in acoustic intensity. This is because the 
amount of cavitation occurring, and hence the degree of stirring in 
the electrolyte increases as the ultrasonic intensity is raised.
The increase in cathodic passivation observed by
20Bondarenko and Brusnitsma during zinc deposition in an ultra­
sonic agitated electrolyte may be due to the use of an ultrasonic 
field of an intensity insufficient to produce cavitation and hence 
significant stirring.
2.3 Cathodic Limiting Current Density
Many workers have investigated the effect of ultrasonic 
agitation on limiting current density and they generally agree that 
ultrasound enables electrodeposition to be carried out at higher 
current densities than is possible in still and stirred electrolytes. 
These investigations may be divided into those performed on an 
industrial scale and those carried out in the laboratory.
Investigations performed on an industrial scale have shown
23-25
that ultrasonic agitation '(f = 18-20KHz) increases the limiting
current for copper, cadmium, tin and zinc plating. For example,
23 I
Luk'yanov and Pavlov using ultrasound succeeded in raising the
limiting current density for copper plating wire b y .a factor of
-2 -2 eight: from 1,500 Am in a still bath to 12,500 Am . Ultrasound
was superior to mechanical stirring which raised the limiting current
-2 25 density to only 5,000 Am . Mikhailov reports that ultrasonic
vibration increases the limiting current density for copper deposition
from an acid sulphate electrolyte (CuS0 4 *5H20 250gl ^ , H2SO4 75gl )
2 26 from 500 to 1600 Am . Finally, Lanyi et al state that ultrasonic
agitation combined with the beneficial effects of a flowing electro­
lyte increases the limiting current density for silver and copper
-2
deposition from cyanide baths: for silver plating to 1080 Am , and
-2 . .
for copper plating to 865 Am . These increases are significant
because in air agitated electrolytes the limiting current density for
-2 -2
silver and copper plating was found to be only 108 Am and 216 Am 
respectively.
Most investigations have been carried out in the laboratory.
15
They demonstrate that ultrasonic agitation raises the limiting
15 27 15
current density for zinc from sulphate 5 cyanide and
15 28 29zincate electrolytes, cadmium from cyanide electrolytes, 5
silver from cyanide electrolytes 1<3, nickel from sulphate electro-
30 31 11 12 32 33lytes ’ and copper from pyrophosphate ’ sulphate ’
cyanide 1<“>’ and ammoniacal electrolytes. For example,
Shatsova et al ^  report that ultrasonic vibration (f = 16-20 KHz)
increases the limiting current density for copper deposition from
cyanide electrolytes by a factor of 15 to 20, and that for silver
-2 -2 
deposition from cyanide electrolytes from 200 Am to about 1200 Am
Kudryavtsev and Smirnova ^  state that ultrasound (f =17.5 KHz)
increases the limiting current density for zinc plating from cyanide,
sulphate and zincate electrolytes by factors of 3 to 5, 11 to 12 and
15 to. 30 respectively.
13 37 38Bystrov and Evidokimov ’ 5 investigated the depend­
ence of the limiting current density for nickel deposition from a
50°C
35°C
m' 1600
800 20°C
84
-2 3Ultrasonic Intensity Wm xlO
Fig. 2. 5 Dependence of the limiting current
density for nickel deposition on ultra­
sonic intensity and bath temperature.
( After Bystrov and Evidokimov13 )
sulphate electrolyte on the intensity of an ultrasonic field
(f - 2 8  KHz) at different temperatures in the range 10° to 50°C.
Their results (Fig 2.5)indicate that the limiting current density
increases with rise in ultrasonic intensity, and that the increase
in limiting current density with intensity is greater the higher
39-41the temperature of the electrolyte. Nud'ga and co-workers
report that the limiting current density for chromium plating from
tetrachromate and universal electrolytes is unaffected by ultrasound
(f = 19 KHz) of intensity below the cavitation threshold intensity
3 - 2  3 - 2
(4 x 10 Wm ), although at intensities greater than 4 x 10 Wm the
limiting ‘current density for a universal electrolyte is raised from
-2
6,000 to 13,000 Am and that for a tetrachromate electrolyte is
-2
increased from 8,500 to 21,000 Am
The increase in limiting current density achieved by ultra­
sonic agitation results from the depolarizing effect of ultrasound, 
which is generally greater than that of conventional agitation. Thus,
ultrasound raises the limiting current density to much higher values
1 ^ ^ 2 ^ 2 q
than those obtained by normal stirring techniques. * 3 ’
It was pointed out in section 2.2. that the depolarizing
effect of ultrasound is due to cavitation and that the degree of
depolarization increases with ultrasonic intensity. Clearly, this
explains the increase in limiting current density with rise in
13 37 38
intensity observed by Bystrov and Evidokimov. 5 3 Moreover,
the fact that the limiting current density is unaffected by ultra­
sound of intensity below the cavitation threshold implies that cav­
itation at an electrode surface is the sole factor responsible for 
depolarization.
2.4 Cathodic Current Efficiency
The data for the effect of ultrasonic agitation on current 
efficiency contain a large number of inconsistencies. These may be 
separated into three groups. The first consisting of investigations 
in which ultrasound increased the current efficiency at high current 
densities, but reduced it at low current densities. The second, 
investigations in which ultrasound increased current efficiency over 
the entire current density range studied. The third, investigations
17
in which ultrasound had virtually no effect on current efficiency.
The terms low and high current density do not refer to the actual 
numerical values, but to the current density value in relation to 
the normal current density range used in practice.
Several workers have found that ultrasonic agitation
increases current efficiency at high current densities, but reduces
16it at low current densities. For example, Roll reports that at
-2
current densities below 600 Am the efficiency for copper deposition
from an acid sulphate electrolyte (CuSO^.SH^O 126gl H^SO^ 50gl ^ )
subjected to ultrasonic agitation (f = 38 KHz, I = 3 x lO^Wm ^ ) is
lower than that for deposition from a still electrolyte. At higher
current densities, however, ultrasonic agitation substantially
increased the current efficiency (see Fig 2.6). Similarly, Rummel 
42
and Schmitt found that ultrasound (f = 330 KHz) reduced the
current efficiency for copper deposition from a sulphate electrolyte
(CuSO .5H„0 200gl HQS0 30gl "*") in the current density range 100- 
—2 8500 Am . Roll also states that ultrasound decreases the current
efficiency for nickel deposition from a sulphate electrolyte at low
-2 .
current densities (below about 80 Am ), but greatly increases it at
high current densities (see Fig 2.7). According to Rummel and 
42
Schmitt during zinc deposition from a sulphate electrolyte ultra­
sonic agitation reduces the current efficiency in the current density
-2
range 100 - 220 Am , but raises it by 1% at current densities above
-2 14 39 43-48220 Am . It has also been found ’ ’ . that at high current
densities ultrasound raises the. current efficiency for chromium
deposition from chromate and tetrachromate electrolytes , but reduces
it at low current densities.
A number of workers also report that ultrasonic agitation
increases the current efficiency for electrodeposition over the entire
16range of current densities investigated. Thus^ Roll. states that
3 - 2ultrasound (f = 38 KHz, 1 = 3 x 1 0  Wm ) increases the current 
efficiency for silver plating from a cyanide electrolyte. The
increase was particularly large at high current densities.
15 .Kudryavtsev and Smirnova report that ultrasonic agitation
increases the current efficiency for zinc deposition from cyanide,
22 , 49zincate and acid sulphate electrolytes. Kenahan and Schlain ,
3 -2
also found that ultrasound (f = 38 KHz, I = 2.5 x 10 Wm ) increases
18
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Fig. 2. 7 Effect of ultrasonic intensity on the 
current efficiency for nickel plating, 
(after Roll8). Temp. 20°C.
the current efficiency for zinc deposition from a cyanide bath.
It was particularly effective in preventing a reduction in current 
efficiency at high current densities. Further, they report that 
ultrasonic agitation increases the current efficiency for copper 
deposition from a cyanide electrolyte. Rotating the cathode at 
300 r.p.m. also increased the current efficiency, but to a lesser 
degree than ultrasonic agitation. Finally, Gindis and Gorshkova 
report that ultrasonic agitation raises the current efficiency for 
nickel deposition to 83-95%; an increase of 6-10% over that for 
conventional conditions.
Some workers have also studied electroplating processes
in which they report -that ultrasonic agitation has virtually no
effect on current efficiency. For example, Walker and Clements
-2
found that at a current density of 216 Am the current efficiency
for copper deposition from a sulphate electrolyte (CuSO .5H?0 
-1 -1 4
125gl , H^SO^ 49gl ) is virtually unaffected by ultrasound
(f = 30 KHz), being only 0.15% and 0.1% above that for still and
stirred electrolytes respectively. Similar results were obtained
49by Kenahan and Schlain using ultrasound of frequency 38 KHz and
3 —2 10intensity 2.5 x 10 Wm . Shatsova et al report that ultrasound
(f = 30 KHz) did not affect the current efficiency during the electro­
deposition of silver from cyanide electrolytes.
The effect of the frequency and intensity of ultrasound
on current efficiency has been investigated by several workers.
8Thus., for example, Roll reports that at current densities greater 
-2
than 250 Am the efficiency for nickel deposition from a sulphate
bath is enhanced in proportion to ultrasonic intensity (see Fig 2.7). 
14
Ozerov , however, found that during chromium deposition increase
in ultrasonic intensity lowers the current efficiency. No definite
correlation was found between efficiency and ultrasonic frequency,
49although Kenahan and Schlain state that at a current density of 
-2
1080 Am low frequency ultrasonic agitation (f = 38 KHz) increases 
the current efficiency for zinc deposition from an acid sulphate 
electrolyte by 34%, but high frequency agitation (f = 400 KHz) had
3
no effect. The intensities of the ultrasonic fields were 2.5 x 10
3 _2 52
and 6.0 x 10 Wm , respectively. Weiner reports that ultrasound 
slightly raises the current efficiency for bright silver plating
19
when the direction of sound propogation is parallel to the
electrode surface, but decreases the efficiency by about 2% when
14it is perpendicular to the surface. Ozerov , however, states 
that the position of the cathode in relation to the direction of 
sound propogation did not effect the current efficiency for 
chromium deposition.
The inconsistencies in the effect of ultrasonic agitation
on current efficiency can be resolved by recognizing that the action
of ultrasound at high and low current densities may involve
different mechanisms. At high current densities the increase in
efficiency probably arises because ultrasound removes co-deposited
hydrogen from the cat-hode surface, just as ordinary stirring does
'Ibut much faster and to a greater degree. This reduces resistance 
W
polarization, and combined with the decrease in concentration 
polarization normally caused by ultrasonic agitation results in a 
considerable reduction in the total polarization and hence an 
increase in the amount of copper deposited. It is thought that the 
rapid separation of hydrogen from a cathode caused by ultrasonic 
agitation involves a mechanism similar to that described in section 
1.3(b).
8The results of Roll suggest that at high current dens­
ities, the current efficiency in an ultrasonically agitated electro­
lyte increases with rise in ultrasonic intensity; possibly because 
the removal of hydrogen is accelerated and depolarization increased. 
The increase in efficiency with rise in intensity, however, is likely 
to be limited because at high intensity ultrasound removes deposited 
metal from the cathode. This will cause a nominal reduction in 
current efficiency.
The removal, by cavitation, of deposited metal from the
cathode may be the reason for the decrease in current efficiency
. . 14with rise m  ultrasonic intensity observed by Ozerov and the
52
reduction m  efficiency reported by Weiner when the direction of 
sound propogation was perpendicular to the cathode surface. Further­
more , the decrease in current efficiency observed during deposition 
in an ultrasonic field at low current densities is probably also due 
to the removal of plate, rather than to a lack of deposited metal.
20
It is evident that the principal factor effecting the
current efficiency in an ultrasonically agitated electrolyte is
the degree of cavitation. On this basis the finding of Kenahan 
49and Schlain that current efficiency is unaffected by high 
frequency ultrasound, but is increased by low frequency ultrasound 
may be explained by the difference in the intensities of cavitation 
and hence stirring in the electrolyte at the two frequencies used 
(see section 1.3(c)).
2.5. Deposit Grain Size
The grain size of electrodeposits is mainly determined 
by the concentration polarization at the current density at which
they are formed; usually the higher the polarization the smaller
4 .the grain size . It follows that, since ultrasonic agitation
PeUV&IATlotf;
generally reduces concentration^ (see section 2 .2 ) deposits produced
in an ultrasonic field should have larger grains than those from a
42
still bath. Accordingly Rummel and Schmitt observed an increase
in the grain size of copper deposits from an acid sulphate bath
(CuSO^.SH^O 200gl H^SO^ 30gl ^ ) subjected to an ultrasonic field
(f = 330 KHz). Similarly, Kozan ^  found that ultrasonic agitation
(f = 20 KHz) favours the formation of coarse grained deposits from
_2
a Watts bath at current densities in the range 200 - 1000 Am and
8 3 —2
Roll reports that ultrasound (f = 34 KHz, I = 3 x 10 Wm ) prod­
uces large grained silver deposits.
Several workers, however, report that deposit grain size
remains unchanged or actually becomes smaller under the influence
54
of ultrasound. For example, Levi found that when a silver 
nitrate electrolyte was subjected to an ultrasonic field of
4 - 2frequency 5200 KHz and generator output intensity (1.6-5) x 10 Wm
fine grained silver deposits were produced. Balashova et al
report the formation of fine grained chromium deposits from several
sulphate electrolytes when subjected to an ultrasonic field
56(f = 19 KHz). This agrees with the finding of Nud’ga and also
. 57
Ginbsrg and Nud’ga who report that in the current density range
3,000 to 21,000 Am ^ ultrasound (f = 19 KHz, I = 1.25 x lO^Wm 2 )
reduces the grain size of chromium deposits from a tetrachrornate
electrolyte. Nud'ga states that ultrasound decreases the grain
51 58size by a factor of 2 - 8 . Finally Walker and Co-workers ’
21
found that the grain size of copper deposits from the acid sulphate 
bath decreased when ultrasonic agitation (f = 30KHz) was used.
59Schiele and Weiner , who studied the effect of ultra­
sound on chromium, copper, nickel and silver plating, report that 
the grain size of electrodeposits produced in an ultrasonic field 
may be either larger or smaller than that of deposits from a still 
bath. Thus, when an ultrasonic field of frequency 20 KHz was used, 
the grain size of chromium deposits from a sulphate electrolyte
became.smaller with increase in ultrasonic intensity to 1.8 x
4 - 2
10 Wm . For nickel deposits from the sulphate electrolyte, how­
ever, an increase in intensity produced coarse grained deposits. 
Similarly, the grain-size of copper and silver deposits from cyanide
electrolytes were slightly increased by ultrasound of intensity
■ 4 4 - 2greater than 1.2 x 10 and 1.8 x 10 Wm respectively.
18 20Bondarenko and co-workers ’ found that ultrasonic 
agitation (f = 100 KHz and 1250 KHz) had little effect on the 
structure of zinc deposits from an ammoniacal electrolyte, although 
deposits produced on a vibrating cathode (f = 100 KHz, amplitude
0.8 mm) differed considerably from those obtained from a still
electrolyte. They had a smaller grain size at current densities
-2 -2 
below 150 Am and a larger grain size above 150 Am . Similarly,
60Ginberg reports that ultrasonic agitation may cause either fine 
or coarse grained nickel deposits depending on the current density 
used. Fine grained deposits, however, were produced only at very 
high current densities; within the normal current density range 
ultrasound increased the nickel grain size.
Ultrasonic agitation does not appear to have a specific 
effect upon the grain size of deposits. In general, the change 
depends on the metal being deposited, the electroplating conditions 
and the intensity of the ultrasonic field. Nevertheless, there 
appears to be widespread agreement that ultrasound should cause an 
increase in the deposit grain size since it reduces concentration 
polarization, although in some cases, particularly chromium the 
reverse has been found ->^ .
22
Several explanations have been proposed for these contradictory
18 20results. I Bondarenko and co-workers ’ have indicated that 
changes in the magnitude and rate of cathodic passivation may be 
responsible. Passivation favours the formation of nuclei and 
consequently fine grained deposits, whereas a decrease in cathodic 
concentration polarization reduces nucleation and produces coarse 
grained deposits. They found that during the deposition of zinc 
in an ultrasonic field and on a vibrating cathode passivation pre­
dominates at low current densities, whereas the decrease in polar­
ization is more important at higher current densities. Similarly 
the results of Ginberg ^  and the explanation proposed for these, 
suggests that the conflicting results for the effect of ultrasonic 
agitation on the grain size of nickel deposits is associated with 
the formation of nickel hydroxide at the cathode. Ultrasonic 
agitation reduces the increase in alkalinity of the catholyte
during plating with the result that less hydroxide is pre-'
61cipitated . Moreover, ultrasound disperses the hydroxide and 
lowers its sedimentation rate by a factor of 10. These effects 
reduce the polarization and consequently coarser grained deposits 
are formed. At high current densities the pH change, even with 
ultrasound, is greater with the result that more nickel hydroxide 
forms and finer grained deposits are produced.
62
Barnartt proposes that the effect of ultrasound on 
grain size is the result of two opposing processes. The first is 
the violent agitation that reduces the concentration polarization 
and promotes the formation'of large grains, and the second is the 
high frequency mechanical vibrations that may induce prolific 
nucleation of the depositing metal resulting in a finer grain 
size (as observed during the solidification of metallic melts).
It is evident from the literature reviewed that very 
little quantitative work has been carried out on the change in 
deposit grain size caused by ultrasonic agitation. Generally, the 
relative grain size of different deposits has been assessed by a 
comparison method. In some instances grain size even appears to 
have been judged from the surface topography of the deposit; no 
account being taken of the fact that grain size may vary with
23
deposit thickness.
2.6. Deposit Hardness
It is widely accepted that ultrasonic agitation increases
the hardness of electrodeposits, although divergent views exist on
the magnitude of the increase and the factors responsible. Thus,
33for example, Muller and Kuss found that the hardness of chromium 
deposits produced on a vibrating cathode (f = 16 KHz) increased by 
an average of 40%, whereas the hardness of copper, nickel and chrom­
ium deposits formed in an ultrasonic field (f = 320 KHz) increased
26by only 15 to 20%. Lanyi et al also observed that electro- 
deposits produced in an ultrasonic field were harder than those 
obtained by conventional practice (see Table 1). Similarly Kochergin
Plated
Metal
Hardness HV (100 g load)
Convent ional 
Range
Air
Agitation*
Ultrasonic
Agitation*
Silver 55 - 80 88 104
Copper 35 - 190 167 248
Cadmium 15 - 60 36 84
Zinc 45 - 120 50 103
Table I Hardness of some electrodeposits related to
26agitation (after Lanyi et al ).
-2
* current density 850 Am . Deposit thickness 1.25 x 10 in.
63and Vyaseleva report that the hardness of nickel deposits formed
in an ultrasonic field (f = 23 KHz, I = 2 x lO^Wm 2 ) are 60%
harder than those produced under ordinary conditions. A number 
45 47 48
of workers ’ 5 have found that the hardness of chromium
deposits increases by about 100% when obtained at current dens- 
. . -2
lties up to 20,000 Am from a chrornate electrolyte subjected
. . .  4 - 2to ultrasonic agitation (f = 19.5 KHz, I = (0.8 - 1.25) x 10 Wm ).
Walker and co-workers 51’ 64 report that ultrasound (f = 30 KHz) 
increases the hardness of several electrodeposits. For example,
24
depending upon electroplating conditions, the hardness of copper
deposits from an acid sulphate electrolyte increased from 75 to
51 64111 HV and 86 to 105 HV , those from a cyanide electrolyte
64rose from 146 to 185 HV and the hardness of nickel deposits
' 64
from a Watts bath increased from 241 to 310 HV and 215 to 242 HV
There are a few exceptions to the general finding that 
ultrasound increases the hardness of electrodeposits. The hard­
ness of nickel coatings obtained from sulphate electrolytes at
-2various current densities in the range 100 to 200 Ain was studied 
65by Trofimov. He found that ultrasound (f = 30 KHz, I = 3 x
3 -2
10 Wm ) reduced to deposit hardness by about 100 HV. Since a
smaller grain size was observed, the fall in hardness was explained
by a reduction in the degree to which atomic hydrogen penetrated
53the nickel lattice during electrodeposition. Kozan , however, 
states that ultrasonic agitation does not cause any significant 
change in the hardness of nickel deposits. Similarly, other workers
have found that ultrasound has practically no effect on the hardness
. _ , . . 43, 66 35, 65 , . 15,64,67.of electrodeposited chromium, copper, and zinc
Several hypotheses have been advanced to explain the 
hardening of electrodeposits caused by ultrasonic agitation. These 
include the formation of deposits having small grains and the 
incorporation of foreign particles.
. 63
Kochergin and Vyaseleva found that nickel deposits
formed in an ultrasonic field are harder and have a smaller grain
size. Hence, they concluded that decrease in grain size is a
principal cause of hardening. Although illustrations in their
paper indicate that the harder, ultrasonic, deposits had a smaller
33grain size, Muller and Kuss consider that the higher hardness 
is due to the inclusion in the deposit of more foreign particles. 
These reduce dislocation movement during deformation. ^  ^  No
experimental evidence supports this view; rather it has been demon-
63 -
strated that deposits formed in an ultrasonic field contain
72fewer extraneous particles. Moreover, Kelson points out that 
suspended particles in the electrolyte oscillate in the ultrasonic 
field and hence cannot adhere to a stationary cathode.
25
33In support of Muller and Russ’s hypothesis , however,
63Kochergin and Vyaseleva state that particle hardening may occur 
at ultrasonic intensities below the cavitation threshold. They 
emphasize that since no dispersion Qf particles occurs under 
conditions of acoustic streaming, the cathode may become passivated 
thereby facilitating the inclusion of foreign particles.
63
Further, Kochergin and Vyaseleva are of the opinion 
that occluded hydrogen, which can result in lattice deformation, 
is not a primary cause of hardening. Investigations of hydrogen­
ation and X-ray analysis showed that the amount of hydrogen con­
tained in nickel deposits formed under ultrasonic conditions was 
half that in deposits obtained by conventional practice.
73 74Zaidman et al ’ report that the hardness of iron
deposits increase as the ultrasonic intensity is raised. They
suggest that this is due to the effect of cavitation on deposit
forming conditions and the production of micro-distortions. In
5 6support of this Nud’ga found that chromium deposits formed in 
an ultrasonic field exhibit a greater micro-distortion of the grain 
structure and a higher dislocation density; but he relates these 
changes to the decrease in grain size (see section 2.5) rather than
33
to the direct action of cavitation. The results of Muller and Kuss 
indicate that the effect of ultrasound on hardness is more pronounced 
at low frequencies. Again, this may be due to the fact that cavit­
ation intensity is greater at low frequencies.
Of the various hypotheses, the most likely explanation at
63
present appears to be the proposal of Kochergin and Vyaseleva 
that hardening is due to the formation of small grained deposits.
This is supported by some experimental evidence; several workers 
have observed that ultrasonic agitation decreases deposit grain 
size and some have found an associated increase in hardness. No 
attempt, however, has been made to relate the change in deposit 
hardness caused by ultrasound to the change in grain size.
2.7. Internal Stress of Deposits
All investigations into the effect of ultrasonic agitation 
on the internal stress of electrodeposits, with the exception of
26
51that of Walker and Clements 5 have been confined to those metals, 
such as chromium and nickel, in which the co-deposition of hydrogen 
is considered to be an important cause of internal stress.
The results obtained by different workers are often
contradictory. Consequently confusion exists over the precise
effect that ultrasound has and the factors responsible. For
51example, Walker and Clements report that ultrasonic agitation 
(f = 30 KHz) reduces the internal stress of copper deposits from an 
acid sulphate electrolyte by at least 20% compared with that of
deposits from a stirred bath; a similar reduction was obtained for
. . .  64nickel. It is interesting to note that Walker recorded a
decrease in the tensile stress of copper and nickel deposits and
also a decrease in the compressive stress of zinc deposits. Accord-
48ing to Petrov and NudTga an ultrasonic field (f = 19.5 KHz,
I = 0.1 - 1.5 x 1O^Wm decreases the internal stress of chromium
deposits by a factor of 1.1 to 1.5. In a later paper, however,
47Nud'ga and Gmberg report that an ultrasonic field of similar
characteristic (f = 19 KHz, I = 1.25 x lO^Wm reduces the internal
stress of chromium plate by a factor of 3.0 to 3.5. Kochergin and 
75Vyaseleva found that ultrasound (f = 20 - 30 KHz, I = ( 0 - 1 )
4 -2
x 10 Wm reduced the internal stress of nickel deposits from 
(1.47 - 1.96) x lO^MNm ^ to (0.76 - 1.18) x lO^MNm Several
other workers ^  ^  have also observed that ultrasonic agitation 
lowers the internal stress of nickel deposits.
In contrast with the above, ultrasonic agitation has been
53
found to increase the internal stress. For example, Kozan
reports that the average stress present in thin nickel coatings is
slightly higher when deposition is accompanied by ultrasonic
agitation (f= 20 KHz) and that conventional hard chromium deposits
— 6up to about 5 x 10 m thick exhibit a marked increase in internal
stress. Above this thickness, the average stress was virtually the
same as that for chromium deposits produced by normal practice.
43Smirnova and Kudryavtsev found that the magnitude of the internal 
stress in chromium deposits subjected to ultrasonic agitation 
(f = 20 KHz) was slightly higher than that in deposits produced by 
conventional means, although the variation in the average stress 
with deposit thickness was almost unaffected by the presence of
27
ultrasound. Similarly, the internal stress of iron deposits has 
73 79
also been found ’ fo be increased by an ultrasonic field.
It has long been recognised that the incorporation of
atomic hydrogen in the metal lattice is a cause of internal stress
in electrodeposits that are co-deposited with hydrogen. Hence, it
is generally believed that the reduction in the internal stress of
chromium and nickel deposits caused by ultrasonic agitation is due
to a decrease in the amount of hydrogen occluded in the deposit.
80This is supported by Kochergin and Vyaseleva , who found that both 
the amount of hydrogen and the internal stress in nickel deposits 
were reduced by ultrasonic agitation. Ultrasound decreases 
occluded hydrogen because it promotes the formation and growth of 
gas bubbles and the rapid removal of these from the cathode.
79Zaidman suggests that the increase in the internal
stress of iron deposits caused by ultrasonic agitation can be
explained by the following factors: a decrease in the change of the
catholyte pH, the desorbing action of ultrasound, a decrease in the
grain size and an increase in the microdistortion and dislocation
content of the plate. Some of these factors may be used to explain
the increase in stress observed in other electrodeposited metals.
For example, the stress in nickel deposits is very dependent upon
81the electrolyte pH . Further, a correlation between grain size
and tensile stress, in the sense that the smaller the grain size
82—85the higher the stress, has been reported in several papers
73
Zaidman and Bioko also found that the stress in iron 
deposits became larger with increase in ultrasonic intensity. Again, 
this was attributed to the Effect of cavitation on the cathode surface 
and the growth of microdistortions.
2.8. Porosity of Deposits
It has been widely reported that deposits produced in the 
presence of ultrasonic agitation are less porous than those
86
obtained by conventional practice. In accordance with this Hickman ’ 
who studied the influence of ultrasound (f = 20 KHz) on the porosity
of nickel deposits from a Watt's bath found that the minimum
. . -7porosity m  a deposit 1.25 x 10 m thick was about 95% less than
28
that obtained with conventional agitation. This low porosity,
however, occurred at a current density 2 to 4 times greater than
87that normally used. Bystrov et al report that thin nickel
deposits from a Watt’s bath subjected to ultrasound (f = 2 7  KHz,
4 - 2  -2
I = (0.5 - 5) x 10 Wm ) have 8-12 pores cm , whereas without ultra-
-2 53
sound they contain 20-25 pores cm . Kozan also found that the
porosity of nickel deposits was significantly lower when formed in
65the presence of ultrasonic agitation (f = 20 KHz). Trofimov
3 - 2reports that ultrasound (f = 30 KHz, I = 3 x 10 Wm ) reduces the
porosity of nickel and zinc deposits by about 30% and the porosity
55of copper deposits by about 10%. Balashova et al found that
ultrasonic vibration (f = 19 KHz) reduced the porosity of chromium 
deposits from a chromate electrolyte by about 30%.
™ 1 i 86> 88-90 ' ,  ^  ^.Most workers agree that the reduction m
porosity achieved by ultrasonic agitation is caused by the accel­
erated removal of hydrogen from the cathode surface. This allows
uniform deposition to occur and prevents the formation of pores in
the plate where the substrate is shielded from deposition by
64hydrogen bubbles; an effect illustrated by Walker. The fact,
however, that the substantial decrease in porosity obtained by 
86Hickman was achieved only at current. densities that are consider­
ably higher than those used in normal practice indicates that grain
size and grain packing density also plays a role. Kochergin and 
88Vyaseleva are also of this opinion, but of course these factors 
apply only when ultrasound produces small grained, densely packed 
deposits. Nevertheless, they probably account for the reduction in 
porosity observed in metals that are not co-deposited with hydrogen,
although the depassivating action of ultrasound may also contribute
, . 8 8 , 89
to the reduction m  porosity.
2.9. Deposit Brightness
8 , 15, 27, 37, 58, 91, 92 , +Many authors ’ ’ 3 3 3 are agreed that
electrodeposits formed in an ultrasonic field are brighter than
those produced at the same current densities under conventional
9conditions. Thus, Kochergin and Terpilovskii found that deposits
of cobalt, copper, lead, nickel and tin produced in an ultrasonic
. 4 -2field (f = 21 KHz, I = 5.88 x 10 Wm ) were smoother and brighter
58
than those obtained by normal practice and Walker and Benn showed
29
that copper deposits produced with ultrasound were brighter and
31
had a finer surface topography. Shenoi et al report that ultra­
sound (f = 20 KHz) causes the formation of very smooth bright 
nickel coatings from a Watt’s bath; normally this electrolyte
produces only dull deposits. Plate produced in the acoustic field
-2
at a current density of 600 Am had a specular reflectivity of
51% compared with 28% for deposits formed in the absence of ultra- 
93
sound. Vrobel carried out an extensive study of the effect of '
ultrasonic agitation (f = 20 KHz , I = (0 - 1.2) x lo'Vm on the
brightness of gold coatings. He found that the reflectivity of gold
deposits produced by conventional practice fell from 96 to 73% when
-2
the current density was raised from 20 to 100 Am , whereas under
3 -2
the influence of ultrasonic agitation (f = 20 KHz, I = 3 x 10 Wm )
the reflectivity remained above 90% at current densities up to 
-2
180 Am .
33 52 92
A number of workers ’ } report that ultrasonic
agitation raises the lowest current density at which bright deposits
are produced and extends the current density range over which they
8are formed. For example, Roll found that ultrasonic agitation
moved to higher values the current density range in which bright
nickel deposits are produced: in a still electrolyte the brightest
_2
coatings were obtained at a current density of 27 Am , whereas the
same degree of brightness was achieved at a very much higher value;
-2 3 -2 
of 400 Am in an ultrasonic field (f = 34 KHz, I = 3 x 10 Wm ).
94
Similarly, Trofimov and Kapustin report that with the aid of
3 • -2ultrasound (f = 30 KHz, I = 3 x 10 Wm ) bright nickel and copper
plate can be produced from acid sulphate electrolytes at current
densities 3 to 4 times higher than those used in normal practice.
Further, good quality copper coatings were obtained from pyro-
-2phosphate electrolytes at current densities up to 500 Am , whereas
under conventional conditions the surface quality of deposits
-2deteriorated markedly above 60 Am
_ Little work has been carried out on the effect of ultra­
sonic agitation specifically on the brightness of deposits. Most 
of the observations were made while studying other properties.
The increased brightness generally exhibited by plate
30
produced in an ultrasonic field is normally associated with a small
deposit grain size and a high packing density. Kochergin and
95Vyaseleva report that ultrasonic agitation caused a considerable 
increase in the brightness of nickel deposits and that the surface 
of the plate consisted of small crystallites. They concluded that 
the increase in the brightness of electrodeposits caused by ultra­
sonic agitation was probably due to the formation of small grained 
deposits. '
The broadening of the current density range in which bright 
deposits are obtained is probably due to a substantial increase in 
limiting current density under ultrasonic conditions. This extends 
the current density range in which good quality, small grained 
deposits of high packing density are formed. Further^the current 
density at which bright plate is first deposited and the degree of 
brightening achieved appears to increase with ultrasonic intensity. 
The increase in brightness with rise in ultrasonic intensity, how­
ever, is apparently limited; high intensity ultrasonic agitation 
(f = 20 KHz, I = 5 x l6%Jm ^ ) causes a reduction in the brightness 
of silver plate 9 ^  * This is probably due to a considerable 
deterioration in the surface smoothness of the deposits caused by 
intense cavitation bombardment.
2.10. Summary
The effect of ultrasonic agitation on the properties of 
electrodeposits depends upon the metal being deposited, the electro­
plating parameters and the frequency and intensity of the ultrasonic 
field used. The fact, therefore, that the different workers have not 
used identical experimental conditions may explain why the liter­
ature contains so many contradictory results.
In spite of the incompatability of many results it is 
possible to make a number of generalizations regarding the effect 
of ultrasonic agitation on the properties discussed. For example, 
the effect of ultrasound on grain size appears to be the governing 
factor in most property changes; it may be larger or smaller than 
that of deposits produced under normal conditions depending on 
whether ultrasound causes depolarization or passivation of the 
cathode. Further, electrodeposits formed in an ultrasonically
31
agitated electrolyte are generally harder, brighter and less porous 
than normal. Plates exhibiting these property changes generally 
have a smaller grain size and a higher grain packing density than 
deposits produced at identical current densities using conventional 
practice.
Results for the effect of ultrasound on the internal stress 
of electrodeposits are particularly contradictory. Nevertheless, 
coating that are co-deposited with hydrogen generally have a lower 
stress when formed in an ultrasonic field; probably because ultra­
sound reduces the amount of hydrogen occluded in the deposit. In 
the case of plates that are not co-deposited with hydrogen or are 
produced at current densities where only slight hydrogen evaluation 
occurs, the internal stress appears to be dependent upon the grain 
size of the deposit, and may be higher or lower than normal.
Generally, ultrasonic agitation depolarizes the cathode. 
This is because stirring caused by the abrupt growth and collapse 
of cavities reduces concentration polarization. Moreover, ultra­
sound is generally more efficient in reducing cathodic polarization 
than conventional stirring techniques.
As well as an increase in deposit grain size, the reduction 
in cathodic polarization caused by ultrasound also results in a 
substantial rise in the limiting current density for deposition, and 
an increase in current efficiency at high current densities. At low 
current densities ultrasonic agitation may decrease the current 
efficiency. This is probably due to the removal of plate from the 
cathode by cavitation, rather than to a lack of deposited metal.
It is apparent from the literature reviewed that although 
explanations are available for some features, problems remain and 
further work is required. For example, a reduction in grain size 
is repeatedly offered as the explanation for the improvement in 
deposit properties obtained by the use of ultrasonic agitation. Yet, 
little quantitative work has been carried out on the effect of ultra­
sonic agitation on deposit grain size, and the results from invest­
igations on this topic are contradictory. The new observations that 
follow help to resolve these problems.
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CHAPTER 3
PRODUCTION OF ULTRASOUND AND MEASUREMENT 
OF INTENSITY
3.1. Choice of Ultrasonic Frequency
The study was carried out using sound of low frequency:
13 KHz. It is not ultrasonic sound In the accepted sense, because 
this is generally defined as sound having a frequency greater than
16 KHz. Nevertheless, it behaves exactly as ultrasound and will be
referred to as such throughout this work.
Low frequency sound was used for the following reasons:
1 . the cavitation threshold intensity in the electrolyte 
is small.
2 . .at a given intensity the amount of cavitation produced 
and the energy released on collapse are almost a 
maxima. .
3. the tendency to formation of standing waves is reduced 
because intense cavitation in the electrolyte scatters 
and absorbs the ultrasonic energy, and hence should 
prevent the sound from being normally reflected at 
interfaces.
4. rippled deposits are not formed when standing waves 
are present in the electrolyte, because the distance
between the nodes or antinodes is large compared with
that in a high frequency field (for a 13 KHz field it 
is 0.057m) and therefore the change from maximum to 
minimum intensity within the field is less abrupt.
3.2. ultrasonic Generator
An ultrasonic generator of fixed frequency (13 KHz) but 
variable intensity was employed. The generator shown in Fig 3.1. 
was of the magnetostrictive type and was constructed In the lab­
oratory from a power unit, generator module and transducer unit 
supplied by Ultrasonics Ltd., Shipley, Yorks.
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Fig. 3.1 Ultrasonic Generator.
The transducer unit shown in Fig 3.2, consisted of two 
stainless steel probes (dia. 0.127m) bolted on the transducer box 
at their nodal point to avoid vibrating the entire generator.
Five lamenated nickel alloy transducer elements were mechanically 
coupled to each probe and each element was surrounded by an electric 
coil. The function of the transducers was to convert electrical 
energy into sound energy.
The operating frequency of the transducers varied slightly
and was adjusted to the resonant value of 13 KHz by a variable
resistance in the generator module each time the generator was
switched on. The power input to the transducers was controlled by
a variac placed acros.s the mains supply, and was measured by a
voltameter and ammeter in the power unit circuit. When the variac
was in the maximum open position a power input of 720 W. was
indicated. This power value is equivalent to an ultrasonic
4 -2intensity at the face of the probes of 1.15 x 10 Wm because the
96transducers were only about 35% efficient. Energy losses of 65% 
occur in the transducers due to mechanical and magnetic hysteresis 
and eddy currents. The losses appeared as heat in the transducers 
which was removed by a fan, J, attached to the transducer unit 
chasis.
t
The transducer unit formed the base of a stainless steel 
tank. This contained sufficient water to cover the probes and 
present a load to the transducers. The water also had other 
functions; these will be described later in the appropriate sections.
3.3. Acoustic Plating Tanks
With the exception of current efficiency determinations 
electroplating in the ultrasonic field was carried out in a 
perspex tank (0.30m x 0.15m x 0.15m) with a capacity of about 81.
It was seated on the transducer probes of the ultrasonic generator 
(see Fig 3.2) and acoustic contact was made through a water layer.
The tank was modified to reduce'the amount of ultrasonic energy lost 
by reflection at the water-perspex-electrolyte interfaces formed 
with the base. This was effected by two polythene acoustic windows 
in the bottom of the plating tank, which was coincident with the 
position of the transducer poles, but were of a slightly smaller
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Fig. 3 2 Apparatus for Ultrasonic Agitation of the Electrolyte.
A, electrode; B, electrode clamp; C, stainless steel tank;
D, perspex plating tank; E, electrolyte; F, copper cooling cools 
G, water bath; H, acoustic window; I, transducer probe;
J, cooling fan and motor; K, transducer element; L, steel box; 
M, air vent; I, J and K comprise the transducer unit.
diameter (0.125m) so that the tank rested on top of the probes.
The windows were formed by stretching a 500 gauge 
-4polythene sheet (1.0 x 10 m thick) over two holes cut in the base
of the tank. Polythene was used because it is favourable to sound
transmission: its specific acoustic impedance is almost the same
as that of water (their values are 1.85 x 10^ and 1.5 x 10^
- 2 - 1
Kg m s respectively) and it is thin compared with the wave­
length of the sound used (0.15m in polythene). Polythene was 
supplied by Transatlantic Plastics Ltd.
Current efficiency determinations were made in a small 
perspex tank (0.15m X 0.08m x 0.05m) with a capacity of about 400ml. 
The tank had a polythene bottom and was suspended in the water at 
a height of about 0.07m above one of the transducer probes.
3.4. Measurement of Ultrasonic Intensity
Plating experiments were generally performed with 
intensity levels at which considerable cavitation is produced.
It was important, therefore, that the method of intensity measure­
ment was capable of giving accurate values for the total ultrasonic 
energy dissipated in a given volume of electrolyte in the presence 
of cavitafion.
Calorimetry offers the only reliable way of measuring the
97average acoustic intensity m  a cavitatmg liquid. Such methods
assume that virtually all the dissipated ultrasonic energy appears 
eventually as heat because of the almost complete internal reflect­
ion at interfaces inside the calorimeter.
Several techniques are available and the method used was
97the widely adopted substitutional system in which the calorimeter 
was first calibrated by simulating the heating effect of ultrasound 
with a heating coil in the calorimeter.
3.4(a) Acoustic Calorimeter 
The calorimeter, which was constructed in the laboratory,
is shown in Fig 3.3. Ultrasound entered through a polythene
-4 -2acoustic window, J, (1.0 x 10 m thick and 4.8 x 10 m dia. ) in
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\Fig. 3. 3 Acoustic Calorimeter
A
B
C
D
E
F
G
H
I
J
Beckmann Thermometer 
glass stirrer 
power pack lead 
rubber bung
open ended Dewar Flask 
castor oil 
heating coil 
perspex L-shaped ring 
vent-hole for trapped air 
polythene acoustic window
the base. The window was bonded to the body of the calorimeter and 
was held in position by a push-fit perspex ring, H. The latter had 
an escape hole, I, for air bubbles trapped beneath the acoustic 
window, because such bubbles obstruct the passage of sound waves to 
the calorimeter. The Dewar flask, £, (height 0.14m, I.D. 0.05m) 
ensured almost total internal reflection of sound and good thermal
isolation. Castor oil, F, (200ml) was the sound absorbing fluid
. -5because it has a high sound absorption coefficient (1.85 x 10
neper cm "*") compared with other fluids and because its specific
6 —2 —Iacoustic impedance (1.42 x 10 Kg m s ) is about the same as that 
of water. The glass stirrer, B, had a ring tip and was of the 
plunger type often used in calorimetry.
3.4(b) Experimental Method
The intensity in the electrolyte was measured at a depth 
that corresponded to half the immersed depth of the cathode. Thus,' 
the calorimeter was placed in the plating tank and sunk in the 
electrolyte (41) to a depth of about 0.03m directly above one of 
the probes. When the calorimeter was in position, the acoustic 
window was at a height of about 0.06m from the probe face. Care was 
taken to ensure that air bubbles were not trapped below the calor­
imeter and that the electrolyte completely wetted the acoustic 
window.
All determinations were made at room temperature (20°C) 
and at states of temperature equilibrium between the castor oil 
and electrolyte. The oil was stirred by hand during both cal­
ibration and ultrasonic irradiation. A slow stirring of about 1 
rise per sec. was used to avoid the introduction of air bubbles.
3.4  (b) (i) Calibration
The calorimeter was calibrated with a 1 . 2 kanthal resist­
ance wire. The wire (19 gauge) was uninsulated. Several electrical 
power inputs were applied to the heating coil from a D.C. power 
pack. The current to the coil was accurately measured by an ammeter 
in the coil circuit. Power was applied for a fixed time of 
3,min.. + Is, but it is to be noted that the temperature rise con­
tinued for a time after heating had ceased (see Fig 3.4.) At each
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Electrical Power C1 de Slope —
W , °C s"1
0.41 3.93 x 10"4
0.87 9.76 x 10“4
1.32 1.64 x 10“3
2.03 2.54 x 10"3
3.07 4.18 x 10"3
4.11 5.41 x 10"3
5.29 7.02 x 10"3
Table II Slopes of heating curves 
for electrical power inputs to 
calorimeter.
power level a heating curve was obtained by noting the temperature 
rise in the castor oil at 30s intervals.
A calibration curve which covered the expected range of
ultrasonic power in the electrolyte was obtained from the heating
2
curves by plotting the electrical power i n p u t s I  R, against the
d 0slopes of the heating .curves, (see Fig 3.4 and Table II).
Slopes were determined by the method of least squares.
It can be seen from equation 3.1. that the calibration 
curve pp- v I^R is a straight line with slope (MJS) and intercept h.
I2R = MJS^x- + h 3.1dt
power pack current (A) 
heating coil resistance (.0, ) 
mass of castor oil (g)
specific heat of castor oil (cal g  ^ °C "^) 
Mechanical Equivalent of Heat .(j cal 
heat losses (W)
where I = 
R = 
M = 
S = 
J = 
h =
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Fig. 3. 5 Calibration curve for the acoustic calorimeter.
It is apparent from Fig 3.5. that heat losses from the 
calorimeter were small because the value of the intercept, h, is 
only 0.15W.
3. 4 (b) (ii) Ultrasonic Irradiation
The heating coil was retained in the calorimeter during 
ultrasonic irradiation to maintain a constant thermal capacity. 
Ultrasonic intensity in the electrolyte was measured over the 
entire power output range of the generator. The electrical power 
input to the transducers was fixed by the variac and determined 
from the meters on the generator. Irradiation was carried out for
3 min + Is and the temperature rise in the oil recorded at 30s
intervals for a period of 8 min. As during calibration, heating 
curves were plotted (see Fig 3.6) and their slopes "determined 
(see Table III).
The ultrasonic power was estimated from the slope of each 
heating curve using the calibration curve (Fig 3.5) and.the intensity 
determined by dividing the power value by the area of the acoustic 
window in the calorimeter.
3.4(c) Experimental Results
It is clear from Fig 3.7 that a linear relationship 
exists between the ultrasonic intensity in the electrolyte and the
electrical power input, to the transducers, and that intensity
increases with power input to the transducers.
3.4(d)_ Discussion of Method and Results
Calorimetric methods of intensity measurement are 
generally agreed to be unreliable at low intensities and to be 
suitable for only relative measurements of the average energy in 
high intensity fields. Nevertheless, the substitutional technique 
used in this work gave good reproducibility on repetition of 
experiments and intensity values are believed accurate to better 
than + 10%.
The substitutional method has the advantage that 
calibration eliminates the need to determine the thermal capacity 
of the calorimeter, stirrer and heating coil. Further, since
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Fig. 3.7 Variation of ultrasonic intensity in the electrolyte 
with electrical power input to the transducers.
(X) experimental curve; (□ ) predicted curve.
calibration and ultrasonic irradiation are carried out under 
identical conditions a direct measure of the absorbed energy is 
obtained because thermal losses from the calorimeter are the same 
in both cases.
The validity of the method depends upon the extent to 
which the heating coil as an energy source can be regarded as a 
legitimate substitute for ultrasound. As heating sources they 
are certainly different: the former causes local heating whereas 
the latter has a bulk heating effect. Even though some equal­
isation was obtained by agitating the castor oil, these differences 
are reflected in the shape of the heating curves for calibration 
and ultrasonic irradiation. Thus, during calibration there was a 
small time lag before the temperature rose at a constant rate 
(see Fig 3.4) whereas during ultrasonic irradiation the steady 
state condition was reached almost immediately (see Fig 3.6).
It is clear from Fig 3.7 that good agreement exists 
between the measured and predicted intensities. The measured 
intensities are only slightly lower than the predicted values which . 
were based on a transducer efficiency of 35% and 12% acoustic trans-. 
mission at the transducer probe-water interface (calculated using 
equation 1.9). If the value for the transducer efficiency is 
accepted then the measured intensity values indicate that only 
between 8 and 11% of the acoustic energy in the probe, rather than 
12%,reaches the electrode.
Several factors are responsible for the difference between 
the measured and predicted intensity. The predicted values are 
high because they do not take into account losses due to the absorb-
tion of ultrasound in the electrolyte, and reflection at the
acoustic windows of the plating tank. The measured intensities, 
however, are probably low because of limitations in the design of 
the calorimeter, and because of errors during measurement.
Design factors limiting the accuracy of the calorimeter
.include the poor rigidity of the acoustic window, the acoustic
transmissivity of the material used in the construction of the 
calorimeter and the absence of an infinitly long column of the
40
absorbing medium. The last two factors result in energy losses 
from the calorimeter. Further errors arise from loss of intensity 
due to reflection at the acoustic windows of the calorimeter. Such 
losses are increased by misalignment of the calorimeter and trans­
ducer probes during measurement, which would cause out-of-normal 
incidence of sound waves at the acoustic window, and were probably 
further exaggerated by the observed curvature of the acoustic 
window caused by the slight sagging of the polythene under the 
weight of castor oil.
Very few workers report the ultrasonic intensity in the 
electrolyte at the surface of the cathode. Most state the intensity 
at the transducer probe face based on an estimation of the power 
input to the transducers assuming a 100% efficient energy convertion. 
Such values are meaningless because the intensity of sound reaching 
the cathode depends on the experimental arrangement, including the 
method by which ultrasound is applied to the electrolyte and the 
position of the electrodes relative to the transducer probes.
Further, the intensity of sound at the cathode is generally only 
a small percentage of that leaving the probe because of intensity 
losses due to the absorption of sound in the electrolyte and 
reflection at interfaces formed by different media. For example, 
using equation 1.8 it was calculated that in the present work 
losses due to reflection during the passage of sound across the 
interface formed by the faces of the transducer probes and water, 
alone, amount to 88%.
The lack of reported values for the ultrasonic intensity 
at the cathode surface clearly makes difficult a meaningful com­
parison of results obtained by different workers and is undoubtedly 
a factor contributing to the many conflicting results in the 
literature.
3.5. Cavitation Threshold Intensity in the Electrolyte.
3.5(a) Experimental Method
The cavitation threshold intensity was determined with a 
piezoelectric ceramic disc connected to an oscilloscope. This disc 
was a PXE modified lead zirconate tit-anate ceramic supplied by
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Mullard Equipment Ltd. It was encapsulated in Araldite and mounted 
inside a plastic sleeve to avoid wetting and to give the disc rigid 
support.
The disc was clamped in the plating bath just below the 
surface of the electrolyte and above one of the transducer probes. 
The generator was switched on and the ultrasonic intensity increased 
continuously. The cavitation threshold value was obtained from the 
power input to the transducers using Fig 3.7.
3.5(b) Observations
Initially, at low intensities, the disc produced a sine
wave trace on the oscilloscope, but as the intensity was increased
the trace became distorted and eventually complete breakdown
occurred. The cavitation threshold was that at which distortion
-2
of the sine was first observed, and was found to be about 2CWm
3.5(c) Discussion
The cavitation threshold of a liquid is a measure of its
tensile strength. Theoretically, liquids can withstand very high
negative pressures before they begin to cavitate. For example, the
theoretical negative pressure, P, required to overcome the inter-
molecular forces of water and produce a spherical cavity of radius,
r, equal to the size of a water molecule (about 3^) was determined
8 —2from equation 3.2. It jwas found to be 4.86 x 10 Nm .
where y = free surface energy (7.2 x 10 Jm )
Experimental values for the acoustic cavitation threshold 
of water are much lower than the theoretical value. They generally
range from about 1.0 x 10~*Nm ^ to about 1.0 x lO^Nm ^  ^  but
7 _2 99 1 0 0
values in the region of 2.0 x 10 Nm have been recorded. ’
101The low values are due to the fact that cavities are heterog­
eneously nucleated at weak points in the liquid caused by suspended 
solid impurities and dissolved gas. It is apparent, therefore, that 
the acoustic pressure amplitude need not exceed the intrinsic
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strength of water to initiate cavitation.
The acoustic pressure amplitude at the cavitation thresh-
-2
old intensity in the electrolyte (20 Wn* ) was determined from 
equation 3.3.
i
P = (2J pc)2 3.3
acoustic pressure amplitude 
ultrasonic intensity
*
density of the electrolyte 
velocity of sound
3 - 2
It was found to be 7.65 x 10 Nm , which is much lower
than the experimental values for water reported above and clearly
not large enough to cause caviation since it will not produce a
negative pressure in the electrolyte. Nevertheless, cavitation was
-2
detected in the electrolyte at an xntensity of 20 Wm . Itfs
-2 .
presence may be explained, however, by the fact that 20 Wm is the 
mean intensity value: not only because of the method of intensity 
measurement but also because a standing wave field was present in 
the electrolyte. Hence it is highly probable that at some points 
in the electrolyte the local acoustic pressure exceeded the cohesive 
force of the molecules and nucleated cavities. Further, since the 
electrolyte probably contained many suspended particles from 
impurities in the copper sulphate and minute air bubbles it is 
likely that only a small negative pressure was needed to cause 
cavitation.
where P = 
J = 
P = 
c =
Value taken to be the same as that for water.
CHAPTER 4
EXPERIMENTAL TECHNIQUES
4.1. General Plating Techniques
Ultrasound was applied to a standard plating technique; 
namely copper deposition from an acid sulphate electrolyte. The 
electrolyte was chosen for its simplicity and because over a wide 
range of current densities the grain structure of deposits from 
the bath can be resolved with an optical microscope at low magnif­
ication.
Since in ordinary industrial practice the electrolyte is 
stirred to increase b'ath efficiency and because ultrasonic agitation 
is often thought of only as a more efficient form of mechanical 
stirring the properties of deposits from the two baths were compared 
and a deposit from the still bath was used as a control. Electro- 
deposition was carried out with the three baths connected in series 
so that fluctuations in plating conditions such as deposition time 
and current density were the same. Plating from the still and 
stirred electrolytes was performed in glass tanks (81 capacity) or 
perspex tanks (400 ml capacity) of similar dimensions to the 
acoustic tank. .
4.1(a) Electrolyte 
Except for special observations each bath contained 41 
of electrolyte consisting of CuSO^ -^2^ ~ ^  ^ 3 ^2 ^ 4
49 - 0.5 gl . General grade chemicals, supplied by B.D.H. Ltd. 
and distilled water were used so that experimental results were 
relevant to commercial plating practice. The maximum impurities 
in the copper sulphate and the sulphuric acid are given in Table IV.
4.1(b) Agitation 
Stirring was carried out with a 1Gallenkamp1 magnetic 
stirrer unit. Generally a magnetic follower 0.06m long was used, 
but for current efficiency determinations a 0 .02m long follower was 
substituted because a smaller plating tank was employed. The 
rotation rates of the followers was fixed at 200 r.p.m. (determined 
with a stroboscope).
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In the still bath, movement of the electrolyte resulting 
from bench vibration was avoided by placing the plating tank on a 
sheet of anti-vibration padding.
In the ultrasonically agitated electrolyte plating was
-2 -2 
generally carried out at intensities of 596 Wm and 928 Wm
4.1(c) Temperature
4* O
Plating was performed at ambient temperature (20 - 2 C).
Since ultrasound caused heating of the electrolyte this temperature
was maintained in the ultrasonically agitated plating solution by
cooling coils in the surrounding water bath (see Fig 3.2). The
-3coils were made of copper tubing (4.0 x 10 m bore) and prior to 
the plating the flow rate of water was adjusted until a steady 
temperature was attained.
4.1(d) Electrodes
4.1 (d) (i) Preparation
Both electrodes (0.15m x 0.05m) were made of copper: the
-4anodes of analar foil (1.1 x 10 m thick) and the cathodes of 22
-4gauge commercial grade sheet (7.2 x 10 m thick). Analar foil 
cathodes, however, were used for the production of plate for 
porosity measurement and electron microscopy. The analar copper 
foil was supplied by B.D.H. Ltd. (for maximum impurities see Table 
IV) . ’
The backs of the cathodes were lacquered with ’LacomitT
-3 2
to give an electrode area of 2.0 x 10 m . Perspex sheet was
bonded with perspex cement to the back of cathodes that were to
-2
be subjected to ultrasound of intensity greater than 596 Wm . This 
prevented removal of the lacquer during plating. Before use both 
electrodes were degreased with acetone, etched in 50% nitric acid 
and washed in distilled water. They were dried with an electric hot 
air fan.
4.1 (d) (ii) Arrangement
Under normal circumstances the electrode separation in 
the plating tanks was 0.15m. In the acoustic plating tank they
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were placed above the acoustic windows parallel to the direction 
of sound propogation and at a height of about 0.04m from the faces 
of the probes (see Fig 3.2). The electrodes were firmly clamped 
between two perspex bars which were rigidly fixed to the tops of 
the plating tanks.
The electrode arrangements used in polarization measure­
ment and in the determination of internal stress with the spiral 
contractometer are given in the appropriate sections.
4.1(e) Current Density, Plating Time and Deposit 
Thickness
Direct current was supplied to the electrodes from a
constant current D.C. power pack. Deposits were normally produced
-2
m  the current density range 20-700 Am .
Since the properties of deposits generally change with
-5
plate thickness the latter was fixed at about either 7.9 x 10 m 
or 6.6 x 10 m depending on the property to be investigated. This 
was done by varying the plating time with current density.
The criteria governing the choice of deposit thickness 
was the requirement that the hardness values obtained from the 
deposit were unaffected by the hardness of the attached cathode.
To achieve this the deposit thickness must be at least ten times 
the maximum depth of penetration of the hardness machine indentor.
The maximum indentation depth was determined from equation
-2
4.1 assuming the minimum hardness of copper deposits to be 50Kgmm
i -1
d =  r 1854.37Pi 2 {6.65} 4.1.
t HV *
where d = maximum indentation depth (|rm)
P = applied load (g)
-2
HV = Vickers hardness number (Kgmm )
*
Akashi Microhardness Machine Handbook.
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The maximum indentation depth was 6.47 x 10 ^m and there-
-5fore a minimum deposit thickness of 6.47 x 10, m was required. The
-5
time, t, to produce a deposit of thickness greater than 6.47 x 10 m
_5
(8.0 x 10 m) was calculated from equation 4.2.
■ t = 60yd 4.2
Ein
where t = plating time (min) 
y = density of copper 
d = deposit thickness (|im)
E = electrochemical equivalent of copper 
from the acid sulphate bath, 
i = current density
n = cathodic current efficiency assumed to 
be 100%.
It was about 181 min, but for convenience the value was 
taken as 180 min (equivalent to a thickness of about 7.9 x 10 ~*m) .
The plating time required to produce a deposit- thickness 
—5 “6of about 7.9 x 10 m or 6.6 x 10 m at various current densities was
-2
calculated on the basis that at a current density of 200 Am a
-5plating time of 180 min was required to produce a deposit 7.9 x 10 m 
thick.
Since the hardness of deposits varied between 79.5 and
-2
173 Kgmm the deposit thickness was generally greater than ten 
times the depth of penetration of the hardness indentor and was 
sufficient to allow for any fall in current efficiency that will 
decrease deposit thickness.
The actual deposit thickness may be as much as 10% less 
than the predicted value determined above. This is because in 
practice, the current .efficiency is less than 100%. Further, 
deposits are thicker at the cathode edges than at the centre due to 
the primary current distribution. It is also to be noted that since 
current efficiency varies with current density and agitation the 
deposit thickness will also vary with changes in these factors.
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4.2. Cathodic Polarization Measurement
Polarization measurements were made with a Wenking 
Standard Potentiostat model no. 68TS10.
Three electrodes were used: a copper cathode, a platinum
counter electrode and calomel reference electrode. The cathode was 
-3
round (6.5 x 10 m dia.) and was held in an Araldite sleeve. Before 
use, and between each series of determinations, its surface was 
ground with 600 grade emery paper and slightly polished on a lap 
with 6 x 10 ^m diamond paste. The counter electrode was also 
cleaned using nitric acid. Before being placed in the electrolyte 
both electrodes were washed in distilled water, dipped in ethanol 
and dried with an electric hot air fan.
The platinum and copper electrodes were sunk in the elect­
rolyte to a depth of about 0.04m and aligned. In the acoustic 
plating tank they were placed directly above one of the acoustic 
windows at a height of about 0.04m from the probe face. The calomel 
electrode was placed in a test tube containing 50ml of electrolyte. 
Contact between the reference electrode and electrolyte at the 
cathode surface was made by a Luggin’s capillary tube in which a 
continuous column of electrolyte was maintained. The tube was placed
between the cathode and counter electrode, facing the former at a
-3distance of about 2 x 10 m from the surface. This distance between 
the cathode and the counter electrode in each bath was fixed at 
0.05m.
Polarization measurements were made using each bath in
turn. The potentiostat was switched on and the cathodic potential
increased automatically at a step rate of 30mV min The current
was recorded from the meter provided at intervals of 20iW. In the
ultrasonically agitated electrolyte observations were made at two
-2 -2
intensities : 596 Wm and 928 Wm . Readings were taken until 
hydrogen evolution commenced and three series of determinations were 
performed in each bath and at both intensities. Errors in the curr-
*4“
ent values recorded at a given potential were less than - 2%. The 
mean polarization curves are given in Fig 5.1.
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4.3. Formation of Powder Deposits
The appearance of burnt powdery areas on deposits is 
usually associated with the limiting current density. In this work 
such areas initially occurred at the edges of the cathode; good 
quality deposits being obtained away from the edges.
Deposits (6.6 x 10 ^m thick) were produced in the current
-2 -2 
density range 100-1000 Am at intervals of 50 Am . Further
determinations were carried out to ascertain the exact current
-2density within the range of 50 Am at which powdery areas first
appeared. Observations in the ultrasonically agitated electrolyte
-2
were made at an intensity of 596 Wm .
When the current density at which powder deposits appear 
in the three baths had been established, the effect of increasing 
ultrasonic intensity on their formation was investigated. At each
intensity the procedure described above was followed.
4.4. Cathodic Current Efficiency Measurement
Current efficiency was determined by passing a known 
quantity of current through the electrolyte and comparing the.weight 
of the deposit produced with the theoretical weight. A Batty
Coulometer Model No. 25 was used to measure the amount of current
passed.
Plating was carried out in small perspex tanks (0.15m x
0.08m x 0.05m) containing 350ml of electrolyte. The acoustic plating
tank was placed above one of the transducer probes as described in
section 3.3 and current efficiency determinations were made in the
-2ultrasonically agitated electrolyte at an intensity of 596 Wm
Both electrodes (0.09m x 0.05m) were commercial grade copper sheet
anci the electrode separation and anode and cathode areas were
-3 2fixed at about 0.15m and 2.5 x 10 m respectively.
“6Deposits (6.6 x 10 m thick) were produced in the current
V  -2
density range 50-700 Am . At each current density the amount of 
current passed was fixed at 472.5 coulombs and the weight of the 
deposits formed were determined by weighing the cathodes immediately 
before and after plating. Before plating the electrodes were 
prepared as described in subsection 4.1(d)(i). After deposition
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they were washed in distilled water, dipped in ethanol and dried 
with a hot air fan before weighing. The time of immersion of the 
electrodes in the electrolyte before and after plating was kept 
as short as possible to minimize any dissolution of the electrode 
or deposit surface.
The current efficiency, C.E., was calculated from equation
4.3.
C.E = w a x 100 4.3
Wt
where Wa = actual weight of copper deposited 
W-j- = theoretical deposit weight
The theoretical deposit weight, W-t, was calculated from 
equation 4.4.
V\J+ = E x C 4.4
F
where E = chemical equivalent weight of copper from 
the acid sulphate bath.
F = the Faraday (96,500 coulombs)
C = quantity of current passed (472.5 coulombs)
The value quoted for the quantity of current passed,
472.5 coulombs, is a corrected value, which takes into account a 
positive error in the coulometer gauge of about 5%. The accuracy
of the coulometer was determined by passing a given amount of current
and comparing the value registered by the coulometer with an
accurate value obtained using a stop watch and an ammeter correct
to - 0.005A.
The theoretical deposit weight equivalent to 472.5 
coulombs is 0.1573g. Values for the actual weight of copper 
deposited given in Table VII are correct to - 0.25%.
4.5e Hardness Measurement
An Akashi microhardness machine with a diamond indentor
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and a 50g load was used. The same load was generally used during
the studyj because significant variations in hardness values were
obtained with change in load. An observation also reported by
102-104several other workers. Each time the machine was used it
was tested with an annealed copper block of known hardness to ensure 
that the sensitivity of the machine had not altered.
Before measuring the hardness of deposits tlieir surfaces were 
smoothed with 600 grade emery paper and slightly buffed with metal 
polish. This preparation produced well formed diamond shaped 
indentations" the extremities of which were clearly' visible under 
the microscope.
Measurements were made with the deposits attached to the
-4cathode (copper sheet 7.2 x 10 m thick). Eight determinations 
were carried out on each deposit and the mean and standard deviation 
calculated. These are listed in Table XXI and illustrated in Fig
5.13. Consistant hardness values were obtained on repetition of 
experiments. Thus Table XIl and Fig 5.13 exemplify the results 
from a number of observations. Since the deposit thickness was 
more than ten times the maximum indentation depth the hardness 
values are unaffected by the hardness of the attached cathode. (See 
section 4.1(e))
4.6. Grain Size Measurement
105The linear intercept method was used to determine
grain size. Measurements were made on the specimens used for 
hardness determination.
Sections of deposits with electrode were taken from the 
centre of the cathode to avoid anomalous structures. They were 
mounted, ground and polished parallel to the surface of the plate 
using standard metallographic techniques and etched in acidic ferric 
chloride solution to reveal the grains.
The mean intercept length was determined from the linear 
distance containing about 100 grains. This was measured using a 
Bausch and Lomb optical microscope. The magnification used varied 
-ahd-was chosen in each case to give the clearest possible image.
52
Three series of counts were carried out on each specimen and con- 
sistant results were obtained on repetition of experiments.
In the A.S.T.M. standard the correlation factor
between the average intercept length and the estimated grain size 
is about 1 .1 2 , but several other factors have been used including
1.5 and 1.6 To avoid confusion, therefore, the mean
intercept length is reported here.
4.7. Porosity Measurement
The porosity of plate was assessed from its density.
Deposits were formed on foil cathodes at current densities of 100,
-2
200, 300 and 400 Am • and density measurements were made with the 
deposits attached to the cathode. Three deposits were produced at 
each current density. The lacquer was removed from the back of the 
cathodes with acetone and the edges were trimmed to remove atypical 
deposit structures.
Four specimens each about 0.02m square, were cut from 
each cathode for density determination. The specimens were weighed 
in air and then in 100 ml of water containing about 0.1 ml of 
teepol to reduce surface tension. The water was contained in a 
150 ml glass beaker which stood on an Archimedes» bridge inside 
the balance. The specimens were suspended in the water with a fine
copper wire. Their weight was obtained by first weighing the
specimen and wire, and then the wire alone. Care was taken that 
air bubbles were not attached to the specimen or wire during weigh­
ing . '
The deposit density, pd, was calculated from equation
4.5. and the percentage porosity, P, from equation 4.6.
pd = Tt pm - TfPf 4.5
Td
P = 100 - (fid x 100 ) 4,6
PF
where T^ = total thickness of cathode 
foil and copper deposit
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pm = measured density
= thickness of copper foil 
Pf = density of copper foil 
= thickness of deposit 
PF = density of the pore free deposit
This method gave a mean density for analar copper foil
-3 -3
of 8.956 Kgm which is close to the theoretical value of 8.96 Kgm
It was, therefore, accepted as a reliable method for the determin­
ation of deposit density. Errors in the density and porosity values 
due to the deviation of the deposit thickness from the predicted 
figure are about + 5%, - 0%.
Experiments to determine the amount of open porosity in 
the deposits were also performed. The density of several deposits 
was measured with and without a collodion film on the surface. The 
collodion formed a thin water-proof film on the surface of the 
deposits which stopped the water from entering the open pores. It 
did not appear to effect the deposit density.
4.8. Optical Microscopy
Deposit structures were examined with a Zeiss photomicro­
scope model No. 62134.
Specimens of plate were prepared as follows. Typical 
areas were cut from the centre of the cathodes and mounted in bake- 
lite to show either vertical or horizontal section. Using 
conventional metallurgical' techniques the specimens were ground and 
then partly polished on a lap with 6 x 10 ^m diamond paste. This 
was followed by electropolishing at room temperature in a solution 
of orthophosphoric acid 40%, ethanol 40%, and distilled water 20%. 
The cathode was analar copper foil and the specimen-cathode separ­
ation was 0.05m.
The specimens were polished for 15 min at a potential of
1.2 to 1.5V and then etched for 10s at 0.4 to 0.6V. Structures 
were photographed with a 35mm camera using Ilford FP4 film. The 
camera was incorporated in the microscope.
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4.9. Electron Microscopy
4.9(a) Scanning Electron Microscopy
The surfaces of deposits were studied with a 'Cambridge* 
Stereoscan Mk 2 scanning electron microscope.
Very little specimen preparation was required. Accord­
ingly, areas of deposit 0 .01m square were cut from the centre of 
the cathodes and bonded with 'Evostick' to circular specimen stubs, 
The edges of the deposit and stub were painted with colloidal 
silver to enable electrons to flow to earth and hence avoid charg­
ing. The stubs were mounted on a specimen stage in the microscope 
that allowed x, y and t (vertical), movement in addition to a 360° 
rotation and a 0 to 90° tilt towards the electron collector.
All observations were made at an electron acceleration
-4potential of 30 KV using a 2.0 x 10 m aperature, which gave 
optimum conditions of resolution and depth of field. The specimen 
image was observed on a fluorescent screen and recorded with a 
35ram camera using Ilford FP4 film.
4.9(b) Transmission Electron Microscopy
A J.E.O.L. 100B electron microscope was used to examine 
the structure of :
1 . deposits (7.9 x 10 ~*m thick) formed at a current
-2
density of 300 Am (plating time 2h).
2 . an annealed copper cathode removed from a deposit 
after being subjected to ultrasound of intensity 
596 Wm ^ for 2h.
3. an annealed copper cathode after the application of
-2
ultrasound (intensity 928 Wm ) through a continuous 
growing deposit.
4. annealed copper foil strips after subjection to
-2 -2 
ultrasound of intensity 596 Wm and 928 Wm
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The copper cathodes and foils were annealed at 550°C 
for 15 min. before use. Foil cathodes were preferred to sheet 
because they dissolved much faster during chemical thinning and 
hence reduced the risk of the deposit being attacked by the thinning 
reagent.
In the experiment in which ultrasound was applied to the 
cathode through a growing deposit (3), a perspex sheet was bonded 
to the back of the cathode to stop cavitation impact from that 
direction. Further, in experiments made to study the effect of 
ultrasound on the structure of copper foil (4), the time of app­
lication was 2h. This period was the same as the plating time at
-2
a current density of -300 Am and hence allowed the structure of 
the foils, deposits and cathodes to be compared.
Ultrasound was applied to the copper foil by placing
strips the same size as the -electrodes (0.15m x 0.05m) in 41 of
water in the acoustic plating tank. They were sunk in the water
to a depth of 0.04m directly above one of the transducer probes.
Thus, the arrangement of the foil strips during irradiation and
-3 2
the area of the foil irradiated (2.0 x 10 m ) were the same as 
that for the cathodes.
4. 9 (b) (i) Thin Foil Preparation
Several specimens about 0.02m square were cut from each 
plated cathode and foil strip. Before examination in the microscope 
they were thinned to about 1000^ to enable transmission of the 
electron beam. This was done as follows. The specimens were first 
chemically thinned to a thickness of about 5 x 10 ^m in a solution 
of equal parts orthophosphoric acid (s.g. 1.76), nitric acid 
(s.g. 1.42) and glacial acetic acid at the temperature of mixing, 
about 50°C. In the case of specimens from the cathodes, before 
thinning began, unwanted material (deposit or electrode) was removed 
in a solution of 50% nitric acid. Before immersion in the nitric 
acid the surface of the material required for electron microscopy 
was lacquered with 1 Lacomit’ to protect it from chemical attack.
108A potentiostatic electropolishing method was used for
final thinning. The technique has two principal advantages over the
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conventional methods of electropolishing. Firstly it allows pre­
liminary thinning by chemical polishing to be continued until the 
foil is almost perforated and hence the final electropolishing 
time to be reduced. Secondly, it produces more uniform thinning 
and consequently gives large thin areas.
The apparatus and the electrode arrangement were the
same as that used for polarization measurements (see section 4 .2 ).
Polishing was carried out at room temperature in a solution of
4 vol. orthophosphoric acid (s.g. 1.76), 3 vol. ethanol and 3 vol.
distilled water. The polishing potential was 1.3 to 1.4V (relative
109
to the standard calomel electrode) and the window technique was
used to aid perforation.
Between each stage of the thinning procedure and after 
final electropolishing the foil was washed several times in distilled 
water and ethanol. This was done to remove surface films and to 
avoid carry over of reagents.
After perforation suitable portions of the foil were 
removed with a scalpel. Cutting was carried out under ethanol 
and the specimens produced were stored in this liquid until required.
4. 9 (b) (ii) Electron Microscope
Foils were examined in the microscope at an electron 
acceleration potential of 100 KV. To obtain optimum contrast a 
goniometer stage was used to tilt the foils during examination 
(+30° about two orthogonal axes). The image and electron diffract­
ion pattern were observed on a fluorescent screen and photographed 
with a plate camera incorporated in the microscope using Ilford 
E.M.5 plates. Diffraction patterns were obtained with a selected 
area aperature 2.5 x 10 5m dia.
4.10. Brenner Senderoff Spiral Contractometer
“ 6The internal stress of deposits (6.6 x 10 m thick) was
measured with a Brenner Senderoff Spiral Contractometer which
is shown in the assembled form in Fig. 4.1. The cathode (A) was a
stainless steel spiral (0.08m long and 0.019m dia.) wound from strip 
-45.4 x 10 m thick and 0.01m wide.
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ab
Fig. 4.1 Brenner  Senderoff Spiral Contractometer .
( a )  Contrac tometer  dial.
(b)  Assembled instrument;  (AC cathode.
The top of the spiral was clamped while the bottom was 
free to rotate. During deposition of stressed plate the bottom of 
the spiral was displaced: a tensile stress in the deposit caused 
the spiral to wind more tightly whereas a compressive stress made 
it unwind.
4.10(a) Spiral Preparation
Previously formed deposits were stripped from the spirals 
with a solution of 50% nitric acid. The spirals were then washed 
in distilled water, degreased in acetone and dried with an electric 
hot air fan.
In order to obtain good adhesion between the steel spirals 
and copper deposits from the acid sulphate bath the spirals were
given a flash coating of nickel from a Wood's bath (NiSO. 7Ho0
-1 -1 -1 . ~
250gl , NiCl9*6H„0 50gl , H„B0_ 30gl ) and then copper from a
-1 -1 -1 -1
cyanide bath (CuCN 15gl , Na C0„ 6gl , NaOH 6gl , NaCN 12gl ).
-2
The coatings were formed at a current density of 200 Am and the 
plating time was 1 min and 2 min respectively. Both solutions were 
used at a temperature of 60°C.
After applying the nickel and copper strikes, the spirals 
were washed in distilled water dipped in ethanol and force dried.
The inside surfaces of the spirals were then stopped-off with 
iLacomit*. This was done by dipping a test tube brush in thinned 
lacquer and then passing it once through the spirals. The clamps 
used to fix the spirals to the contractometer were also lacquered.
4.10(b) Spiral Calibration
Before a spiral was plated its deflection constant was 
determined. This is the torque required to cause a deflection of 
one degree on the contractometer dial. It was measured with the 
spiral clamped in place on the contractometer.
The procedure was as follows. Cotton thread was tied to
a small weighing pan. The thread was then drawn over a pulley and 
attached to the lower, free, end of the spiral. Weights were placed 
in the pan and the resulting spiral deflection read on the contract­
ometer dial. The deflection was measured with increase in load up
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to 25g at intervals of 5g and a load-deflection graph plotted 
(see Fig 4.2). In order to take up any slack in the contractometer 
gear system a lOg zero load was used.
The deflection constant, K, was calculated from equation
4.7.
K = — 9.81 x 10 degN "*"m  ^ 4.7.
d
where k = slope of the load deflection 
graph (deg g 
d = distance of the thread from the torque 
rod (centre of spiral) (cm)
After calibration the contractometer and spiral were 
transferred to a plating tank for stress determination.
4.10(c) Stress Measurement
The electrode arrangement was different from the general
arrangement described in section 4.1(d)(ii): both the anode and
contractometer were placed above one of the acoustic windows in
the plating tank. To allow complete immersion of the spiral each
bath contained 61 of electrolyte, When the contractometer was in
place in the electrolyte the bottom of the spiral was about 0 .02m
2
from the probe face and the electrode area was 0.35m . The copper 
foil anodes were cylindrical (about 0.15m dia.) and surrounded the 
spirals so that deposits of uniform thickness were produced. Further, 
they were suspended about 0 .02m from the bottom of the plating 
tanks to allow free circulation of the electrolyte.
With the contractometer in position in the electrolyte
the pointer of the contractometer dial was adjusted to zero and
plating started. During deposition the spiral was displaced and
the deflection was recorded from the dial at regular time intervals;
at all current densities spiral' deflections were noted after plating
times that corresponded to an increase in deposit thickness of 
-74.4 x 10 m. Immediately before each reading was taken the contract­
ometer dial was lightly tapped to overcome friction in the gear 
system.
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Fig. 4. 2 Spiral calibration curve.
The average internal stress of the deposits, S, was 
calculated from the observed deflection, the physical constants 
and dimensions of the spiral and the average thickness of the plate 
using equation 4.8.
-2
e - 2KD MNm 4.8
Ptd
-1 -1
where K = deflection constant (deg N m )
D = contractometer deflection (deg) 
p = pitch of the spiral (m) 
t = thickness of the steel strip 
comprising the spiral (m)
_d = deposit thickness (m)
Before any stress measurements were made an experiment 
was performed to find out if ultrasound alone caused a displace­
ment of the spirals. Two contractometers were sunk in the electro­
lyte as described above and the spirals were subjected to an
-2
ultrasonic field of intensity 928 Wm for lh. These were the high­
est intensity and longest electroplating time used in the subsequent 
study. At four minute intervals the contractometer dials were 
checked for deflection.
The pointers on the contractometer dials did not move 
during the experiment. It was concluded, therefore, that the 
spirals were unaffected by the impingement of ultrasound and 
cavitation.
4.11. X-ray Diffraction
Deposits (7.9 x 10 ~^ m thick) were produced at current
. . -2
densities of 300 Am and specimens 0.02m square were taken from
the centre of each cathode for X-ray analysis.
The standard X-ray back reflection technique was used.
X-rays were produced by a philips P.W. 1008 X-ray generator using 
an anode voltage of 30KV and an anode current of 15mA. The X-ray 
film was contained in a Philips P.W. 1030 universal plate camera 
with an ‘Astbury* cassette and the specimen to film distance, was
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about 0.03m. Unfiltered copper radiation was used in order to 
obtain maximum line intensity on the film. The exposure time was 
lh.
Reflected radiation from the copper electrode did not 
contribute to the diffraction rings because the deposit thickness 
was considerably greater than the depth from which most of the 
diffracted radiation originated. The approximate depth, x, from 
which 50% of the reflected radiation comes was calculated from 
equation 4.9.
- _ 0.693 4.9
~ W
where jx = linear absorption coefficient for copper
—  6x was found to be 7.3 x 10 m which was less than 0.1 
of the deposit thickness. In calculating this depth two assump­
tions were made. Firstly, that the amount of radiation diffracted 
from depth x is proportional to the amount of incident irradiation 
at that depth. Secondly, that both the incident and reflected 
radiations are absorbed exponentially.
4.11(a) Stress Analysis
During X-ray exposure the normal of the specimen was 
parallel to the incident beam and the specimen was rotated at 
1 r.p.m.
The internal stress of the plate was calculated from the 
changes in the lattice spacings of the two high angle planes {331}
and {420} after the deposit had been annealed in a vacuum furnace
o — 6at 550 C for 20 min at 10 Torr. The lattice spacing was determined
by a direct comparison method that involved the use of silver powder 
as a reference material. The silver was smeared on the surface of 
each deposit before exposure to X-rays, and produced two further 
high angle lines {511} and {420} on the film. These lines cali­
brated the film and made it unnecessary to know the exact specimen 
to film distance.
The {331} and {420} d-spacing in each deposit were
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determined from the diameter of the copper and silver Debye rings 
These were measured with a vernier using the Ka line of each 
doublet. Four measurements were made on each ring and the mean
radius recorded (see Fig 5.18 and Table XVI ). The radii of the
•j*
Debye rings are correct to - 0.05mm, which gives an error m  the 
d-spacing values of about - 0 .0002$!.
The amount of strain, e , in the plate in the direction 
of X-ray propogation was obtained from the shift in the d-spacing 
of the copper lines which was determined using equation 4.10.
£ - dn - do 4.10
do
where dn = spacing of the planes reflecting at 
normal incidence under stress 
do = spacing of the same planes after 
annealing
The stress, a , in the deposit was calculated from equation
4.11. Due to errors in the d-spacing values it is correct to only
+ -2 
about - 151.7MNm
a = - E 4.11—  e v
where E = elastic modulus of copper 
v = Poisson’s Ratio
4.11(b) Texture Determination 
X-ray diffraction patterns were obtained from each deposit 
with the normal of the specimen parallel to the incident beam and 
with the specimen tilted at 45° to the incident beam about both 
horizontal and vertical axes. The specimens were not rotated.
Since the diffraction patterns did not show any significant 
texture (see Fig 5.12) the study was not taken any further.
4.12. Spark Mass Spectrometric Analysis
Analysis was carried out by the Central Research and
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Engineering Division of British Insulated Calender Cables Ltd. It
was performed on deposits (7.9 x 10 ~^ m thick) produced at a
-2
current density of 300 Am . Steel sheet cathodes were used so 
that during analysis it was easy to detect when the spark had 
penetrated the deposit. To avoid attack by the acid sulphate 
electrolyte and to obtain good adhesion of the deposits to the 
cathodes the latter were given a nickel strike from the Watt’s 
bath and then a copper strike from a cyanide bath. This procedure 
was the same as that used in the preparation of the contractometer 
spirals described in section 4.10(a).
4.13 Nucleation and Growth of Deposits
The growth-of deposits with increasing plating time was
studied with a 'Stereoscan' scanning electron microscope. Since it
was hoped to find a relationship between deposit porosity and the
mode of deposit nucleation and growth, foil cathodes were used.
-2
Deposits were produced at a current density of 50 Am using plating 
times of 15s, 1 min, 2 min and 5 min. Specimens for electron 
microscopy were taken from the centre of the cathodes. They were 
examined as described in section 4.9(a).
4.14. Ultrasound and the Hardness of Annealed Copper Sheet
Annealed copper sheet was subjected to ultrasonic fields 
-2 -2
of intensity 596 Wm and 928 Wm for a time of about 5.5h. The 
hardness of the sheet was recorded before each experiment began and 
at 30 min intervals during application of the ultrasonic field.
The experimental procedure was as follows. Copper strips
the same size as the cathodes (0.15m x 0.05m) were cut from 22 gauge
-4
commercial grade copper sheet (7.2 x 10 m thick) that had been 
annealed at 550°C for 30 min. The surface of the strips was pickled 
in 50% nitric acid to remove the scale formed during annealing and 
the area to be irradiated was slightly buffed with metal polish.
The ultrasonic field was applied to the strips by placing
them in 41 of water contained in the acoustic plating tank. They
were sunk to a depth of 0.04m directly above one of the acoustic
windows. Hence, the area of the strips subjected to ultrasound 
-3 2
(2.0 x 10 m ) was equal to the area of the cathodes.
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Hardness determinations were made with an Akashi micro­
hardness machine using a diamond indentor and a 25g load (see 
section 4.5.) This load, which is lower than that employed for 
the measurement of deposit hardness, was used because it gave a 
small depth of indentation,’ a necessary requirement since any change 
in hardness caused by cavitation will obviously be confined to a 
thin layer at the surface.
4.15. Ultrasound and the Hardness and Surface Topography of 
Copper Deposits from the Stirred Bath
Copper deposits formed in a stirred electrolyte at a 
-2
current density of 300 Am were subjected to ultrasound of 
-2
intensity 596 Wm for 2h. The ultrasonic field was applied to 
the deposits by placing them in 41 of water contained in the 
acoustic plating tank. Each cathode was placed above an acoustic 
window and sunk to a depth of 0.04m. At this depth the water 
completely covered the plated area.
The surface topography of the deposits was examined and 
the hardness measured before and after the application of the 
ultrasonic field. Surface topography was studied using a ’Stereo- 
scan' scanning electron microscope (see section 4.9(a)) and hard­
ness was measured with an Akashi microhardness machine with a 
diamond indentor and a 25g load (see section 4.5.)
64
CHAPTER 5
EXPERIMENTAL RESULTS
5.1 Introduction
This chapter consists of five sections that t cover the 
results showing the influence of ultrasonic agitation on the 
plating bath characteristics, microstructure, physical and mech­
anical properties of deposits, and cavitation effects. Comparative 
results for still and mechanically stirred plating baths are 
included.
5.2 Plating Bath Characteristics
5.2(a) Cathodic Polarization Potential 
and Limiting Current Density 
It can be seen from Fig 5.1 and Table V that cathodic 
polarization increases with current density. Further, ultrasonic 
agitation decreases cathodic polarization potential and increases 
cathodic limiting current density. The effect of ultrasound, how­
ever, reaches saturation at a low intensity (cf. curves for 596 
_2
and 928 Wm , Fig 5.2). Because of this saturation (Fig 5.2) the
influence of ultrasonic agitation on both limiting current density
and cathodic polarization potential is less than that of mechanical
stirring even at the moderate values used. Thus, the limiting
-2
current density m  the ultrasonic bath is about 1100 Am compared
-2 -2 
with 1400 Am in the stirred bath and 810 Am in the still bath.
5.2(b) Formation of Powder Deposits 
It can be seen from Fig 5.3 and Table VI that stirring 
raises the current density at which powder deposits begin to form 
to considerably higher values than does ultrasonic agitation. In 
the ultrasonic bath the increase in current density depends on the 
ultrasonic intensity used; the change is greater at low intensities
than at high intensities. For example, increasing the ultrasonic
-2 . 
intensity from 0 to 150 Wm raises the current density at which
powder deposits appear by a factor of 1.48, whereas the much larger
-2 -2change in intensity from 150 Wm to 800 Wm raises it by only a 
factor of 1.16.
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Fig. 5.2 Effect of Ultrasonic Intensity on Cathodic Polarization.
ej, Intensity 596Wm~2; 
a, Intensity 928Wm“2;
Polarization
Potential
mV
-2
Current Density Am
Still Stirred
Ultrasonic Agitation
I = 596 W m '2
-2
I = 928 Wm
0 7.3 16.8 12 18
20 35.5 66 57 72
40 •97 130 132 135
60 142 218 195 189
80 206 276 264 261
100 270 354 321 324
120 340 426 366 420
140 418 534 456 486
160 492 621 546 540
180 573 723 636 624
200 637 810 720 774
220 696 945 786 810
240 738 945 852 960
260 756 1140 960 990
280 780 1200 975 975
300 798 1290 1020 1095
320 810 1380 1170 1170
340 816 1470 1170 1200
360 825 1440 1140 1230
Table V Cathodic polarization potential related to agitation and 
current density.
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Bath Current Density 
Am"2
Still 320
Stirred 800
Ultrasonically Agitated
-2 *(Intensity Wm )
20 420
70 450
150 475
400 500
550 520
770 550 ‘
Table VI Agitation and the current density at which 
powder deposits first appear.
Deposit thickness 6.6 x 10 ^m.
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5.2(c) Cathodic Current Efficiency
In all three baths cathodic current efficiency
initially rises with increase in current density and reaches
-2
a maximum value at 300 Am (see Fig 5.4 and Table VII). In
the ultrasonic and stirred baths the high efficiency is main­
tained at high current densities, but in the still bath the 
maximum efficiency value is followed by a sharp decrease which
coincides with the onset of the formation of powder deposits at
the edges of the cathode.
-2
At current densities below about 200 Am the current 
efficiency in the ultrasonic bath is slightly higher than that in 
the stirred bath, but the efficiencies in both are lower than that 
in the still bath.
5.2(d) Nucleation and Growth of Deposits 
It can b e •seen from Fig 5.5 that at a current density
-2
of 50 Am crystallization initially occurs at scratches on the 
cathode surface and that this is followed by growth and impinge­
ment. Deposits formed under different conditions of agitation 
exhibit different growth modes within the general pattern described. 
Thus, fewer crystallites are produced in the ultrasonic bath and 
these take the form of discrete globules of copper. Under the 
conditions used it appears that the largest number of crystallites 
is produced from the stirred bath.
The growth of deposits from the ultrasonic bath appears 
to differ considerably from that of other deposits. At 5 min the 
ultrasonic deposit shows evidence of coalescence indicating a 
predominance of two dimensional growth, whereas the structure of 
deposits from the still and stirred bath implies mainly three 
dimensional growth. Further, it may be noticed that at 5 min an 
almost continuous deposited layer is formed and that the deposit 
from the ultrasonic bath has a very smooth flat surface. The deposit 
from the ultrasonic bath appears to have the coarsest structure, 
whereas that from the stirred bath has a more faceted crystalline 
appearance.
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1 min.
2 min.
5 min.
Fig. 5. 5 Deposit Nucleation and growth related to agitation. 
Current density 50 Am”2.
5.3 Physical Properties of Deposits
5.3(a) Appearance 
Ultrasonic agitation results in deposits with nodular 
surfaces whereas both the still and mechanically stirred baths 
produce deposits that have surfaces consisting of coarse crystals 
with highly reflective facets (Fig 5.6).
These differences greatly affect the appearance of the
deposits. Plates from the still and mechanically stirred baths
were golden-brown in colour and had a spangled appearance. The
degree of spangling decreased with increase in current density:
-2
at current densities greater than 320 Am (Table VI) deposits 
from the still bath became increasingly powdery and non-adherent 
with rise in current density. Deposits from the ultrasonic bath, 
however, were only slightly spangled, were much brighter in appear­
ance and generally contained lustrous areas. Further, they were 
both lighter in colour (flesh pink) and smoother than plates from
the still and stirred baths (Fig 5.6). Increase in ultrasonic
-2
intensity from 596 to 928 Wm , and change in current density had 
little effect on the surface topography and appearance of deposits 
from the ultrasonic bath.
5.3(b) Porosity 
It is evident from Table VIII that plate from the 
ultrasonic bath is almost pore free whereas deposits from the 
still and stirred bath are considerably more porous with the v
single exception of those from the stirred bath at the lowest 
current density. Fig 5.7 which shows cross sections of deposits 
from the three baths also indicates that ultrasonic agitation 
causes a substantial reduction in porosity.
A significant fact arising from Table VIII is that the
porosity of still and stirred deposits varies with current density
-2 ' -2
and is a maximum at 200 Am and 300 Am respectively. A coll­
odion film on the surface of these deposits does not significantly 
affect their density (Table IX). This indicates that these deposits 
contain mainly closed porosity. Such a finding is predictable 
because deposit thickness is considerably greater than that at 
which open porosity is expected.
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Fig. 5. 6 Effect of agitation on the surface topography 
of deposits. Current density 300 Am-2 . 
Plating time 2h. (a),  stirred; (b), still;
(c),  ultrasonic agitation, 1=  928Wm"2.
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5.4 Microstructure of Deposits
5.4(a) Deposit Structure
It is apparent from Fig. 5.7 that deposits from the still
-2and stirred baths at a current density of 300 Am have a duplex
_ 5
structure with a fine grained inner layer (about 3.5 x 10 m thick) 
and an outer layer composed of coarse grains. This dual structure 
is absent in the deposits from the ultrasonic bath. The thickness 
of the inner layer in the stirred deposits appears to increase with 
current density (cf. micrographs a and b, Fig 5.7).
Twins are present in plates from all three baths but they
are much more numerous in deposits from the ultrasonic bath (Fig 5.8,
micrograph b) , particularly in those formed at the higher ultrasonic 
. -2
intensity (928 Wm )(Fig 5.9, micrograph d).
5.4(b) Grain Size
5.4(b)(i) Linear Intercept Method 
In all three baths deposit grain size decreases with 
increase in current density (Fig 5.10 and Table X). Where duplex 
structures were present determinations were made on the thicker 
layer.
The grains of deposits from the ultrasonic bath were
larger than those of deposits from the still bath. At all but the
highest'current densities however, they were considerably smaller
than the grains of deposits from the stirred bath (Fig 5.10). Fig
5.10 and Table X illustrate the effect of only one intensity 
-2
(596 Wm ) on deposit grain size. The result of increasing ultra-
_2
sonic intensity at a specific current density (300 Am ) is presented
in Fig 5.11 and Table XI. These show that grain size increases with
-2
rise in intensity above 100 Wm . Below this value no significant 
change occurs.
5.4(b)(ii) Optical and Transmission Electron Microscopy
Vertical cross-sections of deposits from still, stirred
. -2and ultrasonic baths at current densities of 100 and 300 Am are
shown in Fig 5.7. Sections parallel to the surface of the deposits
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Fig. 5. 7 Vertical sections through deposits, (a),  (c) and (e)  current 
density 100Am"2; (b), (d) and (f) current density 300 Am"2; 
(a) and (b) stirred; (c) and (d) ultrasonic agitation (I = 596 
Wm"2 ); (e) and (f) still. Deposit thickness 7.9 x 10"5 m.
Fig. 5.
c 50m
8 Horizontal sections through deposits. 
Current density 100Am-2, (a), stirred;
(b), ultrasonic agitation (I = 596Wm- 2 );
(c),  still. Deposit thickness 7.9 x 10_5m.
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Fig. 5.10 Deposit grain size related to agitation and current 
density.
© stirred., _2
n ultrasonic agitation ( I = 596 Wm )., 
x still.
Current Density 
Am"2
Grain Size (Mean Intercept Length) m x 10 ^
Still Stirred Ultrasonic Agitation 
-2
I = 596 Wm
20 14.2 20.5 14.7
50 13.9 19.5 14.0
100 11.6 18.8 12.7
200 9.2 16.2 10.4
300 5.4 13.5 8.5
400 4.2 11.6 6.3
500 2.2 8.4 3.7
550 - 4.65 -
600 1.4 3.5 2.5
700 * 2.5 2.0
Table X Deposit grain size related to agitation and current 
density.
Deposit thickness 7.9 x 10 ~*m.
* Powder deposit.
74
0 200 400 600 800 1000 
Ultrasonic intensity Wm"2
toI
O
a
o
N•H
“ fi-£ 6•rH
O
200 400 600 800 1000
-2Ultrasonic intensity Wm
Fig. 5.11 Effect of ultrasonic intensity on deposit 
hardness and grain size. Current 
density 300 Am2.
-2Ultrasonic Intensity Wm
Hardness HV Grain Size
Mean Std. Dev. m x 10"
0 (still) 72.0 6.5 5.2
20 72.0 4.0 5.0
138 72.0 3.0 5.3
337 82.5 8.0 6.4
450 89.5 7.5 7.1
600 99.5 5.0 8.5
760 104.0 6.5 9.4
928 112.0 9.0 10.1
Table XI Effect of ultrasonic intensity on deposit hardness 
and grain size.
-2Current density 300 Am . Deposit thickness 
7.9 x 10~5m.
75
-2
produced at 100 Am are shown in Fig 5.8. Fig 5.7 indicates that 
in deposits from all three baths grain size decreases with increase 
in current density. This is particularly evident in plate from 
the still bath (cf. micrographs e and f). Both Figs 5.7 and 5.8 
show that the grain size of deposits from the stirred bath is much
larger than that of deposits from the still and ultrasonic baths.
-2 . Further, at 100 Am the grain size of deposits from the ultrasonic
-2
and still baths are similar, but at 300 Am deposits from the 
ultrasonic bath have a significantly larger grain size than those 
from the stirred bath (Fig 5.7). Electrom micrographs of deposits 
(Fig 5.9) also show that deposits from the stirred bath have a much 
larger grain size than deposits from the other two baths. These 
observations are in agreement with the grain size measurements ill­
ustrated in Fig 5.10.
5.4(b)(iii ) X-ray Diffraction
X-ray diffraction patterns from deposits formed under
-2
different conditions of agitation at a current density of 300 Am 
are shown in Fig 5.12. The patterns consist of Debye rings from 
the' {331} and {420}.
It is evident from the variation in the number of Laue 
spots in the patterns that deposits from the different baths have 
a different grain size. The deposit from the stirred bath has the 
largest grain size, and the grain size of deposits from the ultra­
sonic bath is slightly greater at the higher intensity. The fact 
that diffraction patterns from deposits produced in the still and 
ultrasonic baths consist of Laue spots superimposed on apparently 
continuous Debye rings, implies that they have both small and large 
grains. The deposit from the ultrasonic bath, however, appears to 
have a more uniform grain size than deposits from the still and 
stirred baths.
The grain size of deposits from the still bath appears 
to be greater than that of deposits from the ultrasonic bath, but 
grain size measurements have shown the reverse to be true. The 
probable reason for this discrepancy is the fact that the diffraction 
patterns mainly contain information relevant to only a thin surface 
layer of the deposit (see section 4.11). Hence, since deposits from
76
Fig. 5. 12 X-ray diffraction patterns used for texture and grain size 
determinations.
Plate normal parallel to the incident beam. Deposits produced 
at a current density of 300 Am"2. Deposit thickness 7.9 x 10"5m 
(a), still; (b), stirred; (c),  ultrasonic agitation, intensity 
596Wm"2; (d), ultrasonic agitation, intensity 928Wm"2.
-2 • 
the still bath at a current density of 300 Am have a duplex
structure consisting mainly of very small grains,.but having
relatively coarse grains at the surface (see Fig 5.7, micrograph f)
the diffraction pattern from the still’deposit (-Fig 5.12, pattern a)
is not representative of the deposit as a whole and indicates a
grain size that is considerably larger than most of the grains in
the deposit.
5.4(c) Texture 
The absence of arcing in the Debye rings of the diffrac­
tion patterns shown in Fig 5.12 indicates that deposits from all 
three baths do not contain any significant texture.
■5.4(d) Dislocation Density
Transmission electron micrographs of deposits (Fig 5.9)
-2show that ultrasound of high intensity (928 Wm ) causes a sig­
nificant increase in dislocation density. Further most of the
dislocations appear to be associated with twin boundaries. At the
-2
lower intensity (596 Wm ) a slight increase in dislocation density 
is apparent.
5.5 Mechanical Properties of Deposits
5.5(a) Hardness 
Fig 5.13 and Table XII clearly show, that in general, 
deposit hardness increases with current density, although deposits 
from the still and stirred baths exhibit an initial slight fall in 
hardness followed by a steep rise. Further, in the still bath this 
is succeeded by a sharp decrease associated with the production of 
completely powdery, non-adherent deposits.
Mechanical stirring produces softer deposits whereas
ultrasonic agitation considerably increases deposit hardness,
-2
especially at the higher intensity (928 Wm ). At the lower inten- 
-2sity (596 Wm ), however, there is a slight overlap in hardness 
with that of deposits from the still bath. The increase in hardness 
with rising intensity is larger at high current densities.
The effect of increasing ultrasonic agitation at a
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Each point represents the mean of eight separate 
determinations.
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specific current density (300 Am ) is illustrated in Fig 5.11
and Table XI. It is apparent that hardness increases with rise in
-2
intensity above about 150 Wm . Below this value no change occurs.
5.5(b) Internal Stress
5.5(b)(i) Contractometer Measurements 
Fig 5.14 and Table XIII show that the internal stress in 
deposits from all three baths is tensile, increases with current 
density and decreases with increase in deposit thickness.
The increase in stress with current density is much
smaller for deposits'from the ultrasonic bath than for deposits
from the still and stirred baths. At a specific current density
ultrasonic agitation also raises the internal stress, particularly
at low current densities. Increase in ultrasonic intensity, how-
- 2 - 2
ever, from 596 Wm to 928 Wm does not affect internal stress.
It is apparent from Fig 5.15 and Table XIV that at 
constant current density the internal stress of deposits from the 
ultrasonic bath is greater at high intensities than at low inten­
sities. Two points emerge: first, at intensities below about 
-2
300 Wm internal stress is virtually unaffected by increase in
intensity. Second, before reaching an almost maximum constant
value, internal stress only rises over a small range of ultrasonic
-2
intensity between about 300 and 600 Wm
Fig 5.16 and Table X if show that the magnitude of the 
decrease in stress with increase in deposit thickness is greater 
in very thin deposits. Further, as expected from Fig 5.14, at all 
thicknesses the stress in deposits from the ultrasonic bath is 
considerably larger than that in deposits from the still and stirred 
baths, which is about the same.
5.5(b)(ii) X-ray Diffraction 
The X-ray diffraction patterns used to determine the
-2
internal stress of deposits from the ultrasonic bath (I = 596 Wm ) 
are shown in Fig 5.17. They are similar to the patterns from the 
still and stirred deposits.
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bFig. 5.17 X-ray diffraction patterns used for stress analysis.
Plate normal parallel to incident beam, (a), pattern 
from deposit formed in an ultrasonic bath (I = 596 
Wm-2 ) at a current density of 300Am-2. Deposit 
thickness 7.9 x 10_5m. (b), as (a), but annealed 
at 550° C for 20 minutes.
Fig. 5.18 X - ray back reflection pattern typical of those 
used for stress analysis.
A, { 511 } Ag kct' doublet.,
B, { 420 |  Cu ka doublet.,
C, |  331 } Cu ko? doublet.,
D, { 422 } Ag ka doublet.
Planes
Mean Radii of Debye Rings (m x 10
Still " Stirred
Ultrasonic Agitation 
-2
I = 596 v]m
Strain
-ed
Anneal
-ed
Strain
-ed
Anneal
-ed
Strained Annealed
{511} Ag 
{420} Cu 
{331} Cu 
{422} Ag
14.76 
24.25 
32 .47 
34.28
13.86 
22 . 77 
30.38 
32.03
14. 69 
24.11 
32.30 
34.06
13.78 
22 .52 
30.07
31.78
14.87 
24.40 
32. 72 
34.50
13.87 
22. 78 
30.45 
32.15
Table XVI Radii of the Debye rings in diffraction patterns 
from strained and annealed deposits formed under
H"
different conditions of agitation. Accuracy - 0.05mm.
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Diffraction patterns from all deposits show no evidence 
of internal stress; line broadening and meaningful line shift (see 
Table XVII) are absent. This is because the accuracy of the 
technique is such, that the method is unsuitable for the determin­
ation of low stresses. For example, the O.OOOlR movement 'in the
{331} d-spacing of deposits from the still and stirred baths corres-
-2ponds to a stress of 38 MNm , but stress values are accurate to 
+ -2
only - 151.7 MNm . The latter is considerably greater than the
_2
stress from contractometer measurements at 300 Am (see Table XIII).
5.6 Additional Observations
5.6(a) Deposit Purity 
With the exception of the level of lead in deposits from 
the still bath no significant difference exists in the impurity 
content of deposits from the three baths (Table XVIII).
5.6(b) Effect of Ultrasound on the Foil Anodes 
After long periods of ultrasonic agitation the copper foil 
anodes were perforated and torn by cavitation. A section of anode 
exhibiting such damage is shown in Fig 5.19. The area around the 
perforations is embrittled and considerably hardened; micrograph b 
shows these regions to contain many indentations caused by cavit­
ation .
5.6(c) Ultrasound and the Hardness and Surface Topography of Copper 
Deposits from the Stirred Bath
Ultrasound increases the surface hardness of deposits 
from the stirred bath by 25 points, from 95 to 120 HV, and deposits 
show cavitation pits similar to those in the foil anodes. Such a 
pit is shown in Fig 5.20. It is apparent that cavitation has 
removed the coarse crystalline surface producing a pit with a fine, . 
smooth base. Further, it has eroded the crystal faces of the 
copper grains bordering the pit. Their corners have been removed 
and rough, even, concave surfaces produced. Several loose crystals 
are to be seen, and it is probably that the furrow in the centre of 
the pit was caused by a loose crystal pulsating in the ultrasonic 
field.
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Impurity
p.p.m . by wt.
Still Stirred Ultrasonic Agitation 
I = 596 Wm ~2
Sulphur 50 50 50
Phosphorous 5 5 5
Chiorine 50 50 50
Cupric Oxide 1 1 1
Cupric Hydroxide 1 1 1
Lead 30 120 100
Table X7III Spark Mass Spectrometric Analysis Results. Accuracy 
- 50%.
-2
Current density 300 Am . Deposit thickness 
7.9 x 10 ~*m.
Many other elements were detectable, including•iron 
and nickel from the substrate.
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Mag. 2 x
50 ij.
Fig. 5.19 Cavitation damage in a foil anode.
Ultrasonic intensity 928Wm~2. Time of application 
2h.The square area outlined in (a) is shown enlarged 
in electron micrograph (b).
I____ I
50 jit
Fig. 5. 20 Effect of ultrasound on the surface topography of 
deposits from the stirred bath.
(a),  surface of plate from the stirred bath at a 
current density of 300Am"2. (b) as (a), but 
after application of ultrasound of intensity 
596Wm"2 for 2 hours.
5.6(d) Ultrasound and the Surface Hardness of Annealed Copper Sheet
Following an initial period of about 30 min, when no
significant change occurs (Fig 5.21), ultrasound for a time
increases the surface hardness of copper sheet to reach a constant
level. Maximum hardness is obtained earlier and is greater at the
-2higher intensity. Thus, at. an intensity of 928 Wm , hardness
increases by 48 points from 82 to reach a maximum of 130 HV after
-2 .
90 m m ,  whereas at 596 Wm it rises by only 32 points to reach a 
maximum of 114 HV in 150 min (Fig 5.21 and Table XIX). Cavitation 
erosion considerably roughened the surface of the sheet.
5.6(e) Effect of Ultrasound on the Dislocation Density of Annealed 
Copper Foil and the Foil Cathodes
Fig 5.22 shows that ultrasound causes a considerable 
increase in the dislocation density of annealed copper foil cathodes 
and the formation of a dislocation cell structure. Moreover, micro­
graph c shows that an increase in dislocation content even occurs 
when ultrasound is applied to the cathode through a growing deposit. 
Dislocation tangles and the beginnings of a cell structure are 
exhibited. The significance of this slight increase in dislocation 
density will be referred to later.
Similarly, ultrasound causes a substantial increase in 
the dislocation density of annealed copper foil (Fig 5.23). At the 
lower intensity a well defined dislocation cell structure is formed, 
whereas at the higher intensity coarse dislocation networks are 
produced. These in micrograph c have a very high dislocation 
density.
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6 
W
m
"
Time
Min.
Hardness HV (25g Load)
-2
Intensity 928 Wm
-2
Intensity 596 Wm
Mean Std.Dev. Mean Std.Dev.
0 '81 .-5 5 .0 82.5 5.0
30 85.0 6.0 83.5 6.0
60 114.5 5.0 94.0 10.0
90 133.5 8.0 110.0 10.0
120 127.0 8.0 95.0 10.5
150 129.5 7.5 103.0 12.0
180 127.0 6.0 122.0 10.5
210 - - 113.0 6.0
240 - - 115.0 10.0
270 - - 118.0 9.0
300 - - 108.0 8.5
330 - - 113.0 9.5
Table XIX Effect of ultrasound on the surface
hardness of annealed copper sheet.
-4Sheet thickness 7.2 x 10 m.
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Fig. 5.
c 0.5ju
2 3 Electron micrographs of copper foil showing 
the effect of ultrasound, (a) annealed foil;
(b) as (a) but after ultrasonic irradiation for 
2 h at an intensity of 596Wm'2; (c) as (a) 
but after ultrasonic irradiation for 2 h at an 
intensity of 928Wm'2.
I_____I
C 1 fJ
Fig. 5. 2 2 Electron micrographs of foil cathodes showing 
the effect of ultrasound, (a), annealed cathode; 
(b) as (a) but after ultrasonic irradiation for 
2 h at an intensity of 596Wm-2; (c),  as (a)  
but after ultrasonic irradiation for 2 h at an 
intensity of 928Wm"2. Ultrasound applied 
through the deposit. Back of cathode protected 
with perpex sheet.
CHAPTER 6
DISCUSSION OF EXPERIMENTAL RESULTS
6.1 Introduction ,
In this chapter the effects of ultrasonic agitation on 
deposit brightness, porosity, hardness and internal stress are 
discussed. Further, new explanations are presented for the increase 
in hardness and brightness, and the reduction in porosity caused by 
ultrasound. To help in the understanding of these property changes 
the influence of ultrasound on limiting current density and current 
efficiency is first discussed (section 6.2). This is followed by a 
brief discussion of the effects of ultrasonic agitation on deposit 
structure and grain size.
6.2 Plating Bath Characteristics
6.2(a) Cathodic Limiting Current Density
It has been shown in this work that:
1 . ultrasonic agitation reduces cathodic polarization 
potential at a specific current density, increases 
the limiting cathodic current density and raises 
the current density at which powder deposits first 
form. *
2 . ultrasonic agitation is not as effective as mechan­
ical stirring. Its influence on cathodic polar-
. -2 ization saturates at a low intensity (below 596 v^ m ) .
At the limiting current density ions arriving at the 
cathode are immediately discharged and the rate of transport in the 
diffusion layer is a maximum. An increase in potential can give an 
increase in current density when the potential of another cathodic 
reaction, such as hydrogen discharge, is reached. This limiting 
current density gives the characteristic shape to the polarization 
curves in Fig 5.1. In commercial practice and in the literature 
(section 2.3) the limiting current density is generally taken as that 
at which a noticeable deterioration in deposit quality occurs. This
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normally coincides with the first appearance of powdery deposits.
It is apparent from this work, however, that powdery deposits begin
to form at current densities below the limiting value (cf. current
density values in Fig 5.1 and Table VI,). This agrees with the
112observations of Gabe and Robinson who saw copper powder deposits
start to form in a stirred electrolyte at current densities that
were about 70% of the limiting values obtained from polarization
curves. They related the occurrence of such deposits to a change
in the rate controlling step for electrodeposition from charge to
mass transfer, which was thought to occur at a current density about
40% of the limiting value. In this work the current densities at
which powder deposits first appeared in the still, ultrasonic (I =
-2
596 Wm ) and stirred baths (Table VI) were about 40%, 48% and 57%
of the respective limiting values from the polarization curves.
, . ■ . . 112 
This appears to support the suggestion of Gabe and Robinson
that the onset of powder formation is due to a change in the rate
controlling step for deposition. The polarization curves in Fig
5.1 show however, that the current densities at which powder deposits
first appear in the three baths is substantially higher than that at .
which the onset of mass transfer controll occurs (since agitation
lowers the polarization potential at these current densities it
follows that a diffusion layer is present). Thus the validity of
112Gabe and Robinson’s explanation is questionable.
From the observations in this work it is suggested that
the formation of powder deposits is associated with the onset of
limiting current density, i . Further, that i is not reached
LIM LIM
simultaneously over the entire cathode, but is obtained first at
the edges where the start of powder formation was observed. At the
current density at which powder deposits start to form, i ,' * r r > POWDER
therefore, the bulk of the deposit away from the cathode edges is
of a high quality and the mean current density is below the limiting
value. This clearly explains why i does not coincide with
POWDER
ipiM? since the limiting value from the polarization measurements is 
that at which the concentration of ions over the entire cathode 
surface is zero.
It can be seen from the ,polarization curves in Fig 5.1
90
that the higher values of iTTW in the ultrasonic and stirred baths
J LIM
result from a decrease in cathodic polarization. In both cases
113 114
it is generally accepted 5 that this is due to a reduction
in concentration polarization brought about by a decrease in diff­
usion layer thickness. In the ultrasonic bath it is to be expected 
that the decrease would be caused, in the main, by cavitation in the 
electrolyte.
Consideration of the diffusion layer thickness at the 
cathodes in the three baths, and of the size and number of cavit­
ation bubbles in the electrolyte throws some further light on the 
decrease of concentration polarization by cavitation.
The thickness of the diffusion layer, 6 , can be calculated 
at the limiting current density, from equation 6.1. This
6 = n 6.1
1LIM
where D = Diffusion coefficient for
, r- ~ 1 „-10 2 -1 ,cupnc ions (5.2 x 10 m s  ) 
nF = Faradic discharge constants 
= Bulk concentration of copper 
ions (500 mol m
equation predicts that the mean diffusion layer thickness in the
-5still bath at i is about 6.2 x 10 m. This thickness is reduced
-5 -5
to 3.6 x 10 m by mechanical stirring, but to only 4.6 x 10 m by
ultrasonic agitation.
It is however, more difficult to obtain a meaningful
estimate of cavitation bubble size. It cannot be calculated to any
degree of accuracy because it is dependent on so many experimental
factors. Further, during a single pressure cycle of an ultrasonic
wave, both gaseous and true cavities may be formed and a whole range
of bubble sizes are present. Nevertheless, the size of cavities
formed in the electrolyte in this work may be estimated from the
size of the indentations in the copper foil shown in Fig 5.19, which
-2
was subjected to ultrasound of maximum intensity (928 /^m ) . If it
91
is assumed that the cavities are spherical (the validity of this 
assumption is referred to in subsection 6.5(a)) and that the diam­
eter of an indentation in the foil corresponds to that of a cavit­
ation bubble, then most -bubbles are found to be of the order of 
1.0 - 1.5 x 10 ^m in diameter.
Rayleigh has determined that the pressure arising \
in the vicinity of a collapsing cavity is a maximum at a distance
of 1.57r, where r is the radius of the cavity. If it is assumed
that this also represents a limit beyond which the cavity does not
cause any motion of the solution then the size of the area of the
diffusion layer disrupted by a cavity can be estimated. Thus, a
-5cavity of diameter 1.5 x 10 m causes an area of disturbance
2.5 x 10 ^m in diameter.
The number of indentations in the surface of the copper
foil canode shown in Fig 5.19 indicates that at an intensity of 
-2928 Wm the density of cavitation bubbles at the electrodes is of 
5 - 2
the order of 10 cm . The fact, however, that perforation of the
anode occurs locally suggests that the intensity of cavitation over
the electrode surface varies. Nevertheless, a density of 10^
-2cavities cm appears to be a reasonable estimate for the bulk of 
the electrode surface.
From the estimated diameter of the area of disruption 
caused by a cavity and the estimated density of cavitation bubbles 
at the electrode surface it is possible to calculate from equation
6.2 the percentage area, Pa ,of the cathode surface covered by 
cavities. The equation predicts that only about 50% of the cathode 
surface is covered by cavitation bubbles.
p  —  D a  x  P  cpa “ — ----   x 100 6.2
cm.
where Da = area of disruption caused by
a cavity (cm.)
p c = density of cavities at electrode 
-2
(No. cm )
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Three important points arise from these estimations of 
diffusion layer thickness, cavitation bubble size and density.
First, the size of the cavitation bubbles formed in the electrolyte 
is considerably smaller than the thickness of the diffusion layer. 
Second, diffusion layer thickness and hence concentration polar­
ization is reduced only by cavities that occur in or very close to 
the diffusion layer. Finally, cavitation causes an uneven reduction 
in diffusion layer thickness, whereas that caused by stirring is 
uniform. These findings are represented schematically in Fig 6.1.
The finding that ultrasonic agitation is less effective
than mechanical stirring in raising both i and i is
LIM POWDER
contrary to the results in the literature. This is considered to
be due to the fact that in the present work ultrasound reduces
cathodic polarization potential to a lesser extent than mechanical
stirring. The fact that the effect of ultrasonic agitation satur-
-2ates at intensities below 596 Wm (Fig 5.2) means that a limit
exists to the reduction in diffusion layer thickness that can be
achieved by cavitation. Mechanical stirring evidently has no such
barrier and its effect on diffusion layer thickness may be greater
or less than that of ultrasonic agitation depending on the local
hydrodynamic conditions that are achieved at the cathode. It is
suggested therefore, that in the case of workers 3 who
have found that i _ in an ultrasonic bath is greater than i, in
LIM LIM
a stirred bath, the hydrodynamic set-up for stirring was poor.
The saturation of the effects of ultrasound on cathodic polarization
and iT “ observed in this work at moderate intensities is clearly 
LIM
not due to the ultrasonic generator because a considerable increase
in deposit hardness is obtained with rise in ultrasonic intensity 
-2
above 596 Wm (Fig 5.13). '
114
Many workers, including Bockris and Drazic and Gabe
116and Robinson . have shown that i increases with the rate of
LIM
conventional stirring. Similarly, using ultrasonic agitation,
13Bystrov and Evidokimov found that the limiting current density^ 
as determined by the current density at which powder deposits first 
appear, rises with ultrasonic intensity. They present curves 
(Fig 2.5) showing the dependence of ^or nickel deposition on
ultrasonic intensity and bath temperature. These are similar to
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Fig. 6.1 Schematic representation of the effects of ultrasonic 
agitation and mechanical stirring on diffusion layer 
thickness 6.
the curve presented in this work for the effect of ultrasonic 
. . . ':13 ■ - -
intensity on (Fig 5.3). Bystrov and Evidokimov , however,POWDER '
do not give an explanation for their results.
It is evident from Fig 5.3 that i„^ increases sharply
_2 PONDER ,
with rise in intensity to 100 Wm , after which a noticeable decline
in the rate of increase occurs. The latter implies that at ultra-
-2
sonic intensities greater than about 100 Wm the degree of agit­
ation caused by cavitation increases only slightly with rise in 
intensity. The exact current density at which the decline occurs 
and information about its cause is obtained by plotting the change
in the gradient of the curve in Fig 5.3, Ai /AI, with increase
y V  POWDER /
in ultrasonic intensity. The graph in Fig 6.2 clearly shows that
-2
in the intensity range 20-250 Wm the magnitude °f A i p ^ ^ / A l
decreases sharply with rise in intensity to 250 Wm ^ after which
-2
it is unaffected by a further increase to 800 Wm . An intensity 
-2
of 250 Wm , therefore, probably represents a practical limit to 
the intensity that may be used to reduce diffusion layer thickness.
piezoelectric probe measurements in the plating bath
(section 3.5) have shown that the cavitation threshold intensity 
. -2
in the electrolyte was 20 Wm . In view of this finding, it seems
-2
reasonable to suggest- that in the intensity range 20-250 Wm ultra­
sonic energy is used both in creating new cavities and in increasing
the magnitude of the size oscillations of existing cavities. At
-2 ■ ' .  . ' 
intensities greater than 250 Wm , however, the number of cavities
formed in unit time does not change with rise in intensity, and
only the magnitude of the size oscillation increases with rise in
the acoustic pressure amplitude (subsection 1.3(b)). Thus, the
figure calculated earlier in this section for the density of cavities
-2 5 -2at an intensity of 928 Wm (10 cm ) probably also represents a
-2 ■
mean value for the saturation obtained at 250 Wm .
If, as implied, the magnitude of AipQ^gp/AI becomes con­
stant with rise in intensity when the number of cavities formed is a
5 -2
maximum (about 10 cm ), then it follows that the number of cav­
ities in the vicinity of the electrode, rather than the magnitude
94
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of their size oscillations, is the principal factor governing the
degree of agitation caused by cavitation and hence depolarization.
Moreover, it is apparent that virtually all the agitation is
obtained at low intensities and that little advantage is gained by
increasing ultrasonic intensity. This is supported by the finding
-2 -2
that increase in intensity from 596 Wm to 928 Wm does not alter
cathodic polarization or i in the ultrasonic bath (Fiq 5.2).
LIM ' 7
The latter finding indicates that it is not possible with ultrasonic
agitation under the experimental conditions used in this work to
19exceed i in the stirred bath. Wolfe et.al also found that a
LIM
limit exists to the degree of depolarization that can be achieved by 
increasing ultrasonic intensity (see Fig 2.3). Their explanation, 
however, that this is due to the elimination of cathodic concentr­
ation polarization does not appear to be relevant to this work 
because it is apparent that stirring results in depolarization 
beyond that obtained by saturated ultrasonic agitation.
6.2(b) Cathodic Current Efficiency 
The present work has shown that:
1 . ultrasonic agitation increases current efficiency at
-2high current densities (above 300 Am ) and maintains
-2
it at the high value of 98% up to 700 Am , but 
reduces it (about 0.5% compared with that for the
-2
still bath) at low current densities (below 200 Am ).
2 . the effects of ultrasonic agitation and mechanical 
stirring on current efficiency are similar: at high
current densities the efficiency of the two baths 
are similar, but at low current densities current 
efficiency is less in the stirred bath.
The findings in (1) are in broad agreement with those of
16Roll . Further, similar results for the effect of ultrasound on
, 8 . . 42
current efficiency, C.E., have been reported for nickel and zinc
deposition from sulphate electrolytes and chromium deposition from
14 39 43-48chromate and tetrachromate electrolytes 3 3 (see section
2.4).
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In order to understand the way in which ultrasonic 
agitation and stirring affect C.£. foreknowledge of the causes 
of C.E. variation with current density in the still bath is necess­
ary. It is apparent that the curve in. Fig 5.4 for the change in 
C.E. with current density in the still bath can be separated into
two distinct current density ranges. A low current density range 
-2
(below 300 Am ) in which C.E. increases with current density and
a high current density range over which C.E. falls sharply with
rise in current density. Several plausible explanations exist for
low C.E. in the still bath. For example, dissolved oxygen in the
plating solution may lead to the formation of cupric oxide in the
deposit, which may subsequently dissolve in the electrolyte and
117hence cause a nominal reduction m  C.E. . Further, at high
current densities, low C.E. may result because part of the current
is used to codeposit hydrogen. It seems likely, however, that
neither of these explanations is the main reason for low C.E. i n .
this work. It is suggested, therefore, that the proposal of Gavuin 
118and Winkler may apply, and that over the entire current density
-2
range studied (20-700 Am ) low C.E. in the still bath is due to
the depletion of cuprous ions in the cathodic diffusion layer. The
cause of cuprous ion depletion, however, is probably different in
the high and low current density ranges. At high current densities
it is associated with the formation of powder deposits and probably
results from a rapid discharge of cuprous ions under diffusion
controlled conditions. At low current densities where the deposition
rate is relatively slow it is speculated that depletion is caused
118by the presence of oxygen in the electrolyte . At the cathode, 
this may oxidize cuprous ions to cupric ions in accordance with 
reaction 6.3. The depletion of cuprous ions results in an increase
in the amount of current consumed in the charge transfer step (1 ) 
of the two step deposition reaction 6.4. This first step occurs
2Cu+ + 2H+ + |02 = 2Cu2+ + H20 6.3
2+
Cu + e = Cu
+
(1)
(2 )
6.4
+
Cu + e = Cu
to a larger extent so that the equilibrium of reaction 6.5 is
96
maintained. At 25°C the equilibrium constant, K, of this reaction
’■ y
2 + +
Cu + Cu - 2Cu 6.5
-5 119
is 5 x 10 . The value of K indicates that at room temperature
the equilibrium concentration of cuprous ions in the electrolyte is 
very small and suggests, therefore, that depletion readily occurs.
Since the cause of cuprous ion depletion is apparently 
different at high and low current densities it seems reasonable to
suggest that the effects of both ultrasonic agitation and mechanical
. -2 
stirring on C.E. at current densities above and below 300 Am
involve different mebhanisms. It was proposed in section 2.4 that
the inconsistencies in the effect of ultrasonic agitation on C.E.
in the literature could be explained if it was recognised that the
action of ultrasound was different at high and low current densities.
In the present work it seems likely that the increase in C.E. caused
by ultrasonic agitation and mechanical stirring at high current
-2
densities (above 300 Am ) is the same and results from a decrease 
in cathodic concentration polarization (section 6 .2 (a)).
At low current densities it appears that the cause of the 
slight decrease in C.E. in the ultrasonic and stirred baths is diff­
erent. In the latter case it is probably due to an increase in the
concentration of oxygen in the plating bath that results from 
aeration of the electrolyte and which favours reaction 6.3 and hence 
cuprous ion depletion. In the ultrasonic bath a reduction in C.E. 
at low current densities is predictable, because, as will be shown, 
the increase in deposit brightness caused by ultrasonic agitation
results from cavitation erosion of the deposit surface (section
14 526.3(a)). The work of Ozerov and Seiner (section 2.4) indicates 
’that the removal of deposited metal by cavitation influences the 
C.E. results. In this work, however, the fall in »ominaJ. C.E. due
to the removal of deposited metal was, on the basis of erosion dam­
age . (see section 6.3(a)), somewhat less than expected. This can only 
be explained by the fact that ultrasonic agitation increases the 
amount of copper deposited and hence the actual C.E. The mechanism, 
however, by which ultrasonic agitation causes an increase in C.E. at 
such low current densities is as yet uncertain, but it may well be
97
due to deaeration of the electrolyte by cavitation.
6.3 Physical Properties of Deposits
6.3(a) Appearance
It is apparent from this work that:
1 . ultrasonic agitation greatly improves the appearance 
of deposits. plates from the ultrasonic bath have a 
smoother surface, are brighter and of a lighter colour 
than deposits from the still and stirred baths. These 
observations broadly agree with the results in the 
literature (section 2.9).
-2
2. increase in ultrasonic intensity from 596 Wm to
-2
928 Wm and change in current density has little 
effect on the appearance of deposits from the ultra­
sonic bath.
It is apparent from the scanning electron micrographs 
of deposit surfaces in Fig 5.6 that the increase in deposit bright­
ness and change in colour is due to the fact that the surface top­
ography of deposits from the ultrasonic bath is considerably diff­
erent from that of deposits from the still and stirred baths. The 
latter have surfaces that consist of coarse crystals (Fig 5.6 micro­
graphs a and b). This gives deposits from the still and stirred 
baths a spangled appearance and a darker colour than plates from 
the ultrasonic bath. Spangling results because light is direction- 
ally reflected by the crystal facets. The degree of spangling, how­
ever , decreases with increase in current density: probably because 
of the decrease in the size of the crystals comprising the surface.
In the still bath spangling is further reduced at current densities 
-2
above 320 Am by the formation of powdery areas on deposits.
The surface of deposits from the ultrasonic bath is nod­
ular and consists of small rounded grains, though some crystal 
facets are evident (Fig 5.6, micrograph c). This surface reflects 
light diffusely giving the deposit a matt, but brighter appearance 
than deposits from the conventional baths. Lustrous areas were often
98
observed on the surface of deposits from the ultrasonic bath. Such 
areas are associated with very smooth surface that reflects light 
direct ionally.
120It is generally accepted that the brightness of
deposits is dependent on their surface smoothness which in the case 
of deposits from conventional baths is controlled by the size,
shape and orientation of the grains comprising the surface. Thus,
. 95 .
Kochergin and Vyaseleva propose that the reduction m  surface
roughness and hence increase in deposit brightness caused by ultra­
sonic agitation is due to the formation of small grained deposits. 
This explanation, however, appears invalid because in this work it 
was found that ultrasonic agitation increases deposit grain size 
(Fig 5.10).
From the present work it is proposed that the increase 
in deposit brightness caused by ultrasonic agitation is due to 
cavitation erosion of the deposit surface. It seems unlikely that 
cavitation causes distortion of crystal nuclei at the earliest 
stages, because nuclei are very small (about 500%. in diameter at 
15s, see Fig 5.5) compared with the size of cavitation bubbles 
(about 1.5 x 10 ~*m). Further, the effects of cavitation probably 
becomes significant only after many thousands of impacts in which 
time some growth has occurred. The hypothesis that increase in 
deposit brightness is due to cavitation erosion of the deposit 
surface arose initially from the observation that lustrous areas on 
deposits from the ultrasonic bath correspond to regions at the 
cathode surface where intense cavitation had been seen. The hypo­
thesis is supported by the surface topography observations (Fig 5.6) 
which suggest that the topography of deposits from the ultrasonic 
baths results from the erosion of a crystalline surface similar to 
that of deposits from the still and stirred baths. Further it is 
supported by the observation that the surface pf the annealed copper 
sheet used in the hardness investigation reported in section 5.6(d) 
was eroded by cavitation. To show that cavitation is capable of 
eroding a deposit surface, its effect on the topography of stirred 
deposits was studied. The application of ultrasound resulted in cav- 
iation pits on the deposit surface, but more important the faces of 
crystals bordering the pits were eroded and a distinct similarity
99
exists between the shape of some of these crystals and those com­
prising the surface of deposits from the ultrasonic bath (cf. micro­
graph- c , Fig 5.6 and micrograph b, Fig 5.20).
To obtain further evidence for the erosion of deposits, 
and to show that increase in brightness is associated with such
erosion an additional experiment was carried out in which a deposit
* -2 
was produced m  the ultrasonic bath at a current density of 200 Am
. -2 
and at an intensity of 928 Wm . After deposition sections of plate
were cut from the cathode for examination by scanning electron
-7microscopy, and the electrolyte was filtered through a 2.2 x 10 m 
millipore filter to collect any particles of copper that were removed 
from the deposit by cavitation.
The cathode contained a small area of deposit (about 6.0
-4 2 .
x 10 m ) that was considerably brighter than the bulk, and it was
from this region that specimens were taken for scanning electron 
microscopy (procedure described in subsection 4.9(a)). It was 
pointed out earlier that deposits from the ultrasonic bath often 
contained such lustrous areas and that these corresponded to regions 
where intense cavitation was observed. The results of the surface 
examination shown in Fig 6.3 reveal that the brighter area of the 
deposit has a smooth surface and that the surface is covered with 
indentations caused by cavitation impacts (micrograph a). Examin­
ation at high magnification (micrograph b) shows.that the surface 
of the deposit has been severely disfigured and eroded by cavitation.. 
Other observations indicate that these findings are not represent­
ative of the deposit as a whole. The surface of the deposit surround­
ing the lustrous area is similar in appearance to that shown in Fig
5.6 micrograph c and does not exhibit indentations resulting from 
cavitation.
The electrolyte was found to contain considerable debris, 
which consisted mainly of anode sludge, pieces of copper torn from 
the foil anode by cavitation, flakes of lacquer stripped from the 
cathode, and particles of copper from the deposit. In order to 
detect, amongst all this, copper particles from the deposit, the 
residue on the filter pads was examined using a J.E.O.L. JXA 50A 
electron probe microanalyser with scanning facilities. The residue
100
Fig. 6.3
a 40 ju
I I
b 15 p
Severe cavitation erosion on the surface of a deposit formed 
in the ultrasonic bath at a current density of 200 Airf2 
( I = 928 Wm'2 )
contained many particles of crystalline copper that could have only 
originated from the eroded deposit shown in Fig 6.3, and which 
varied in size from about 1.0 x 10 to 2.0 x 10 m. Such a particle 
is shown in Fig 6.4 and -a line profile for the copper distribution 
is superimposed. This, together with the Cu Ka distribution map 
also presented in Fig 6.4, was used to confirm that the particles 
observed by scanning electron microscopy were in fact copper. V
The finding that the appearance of deposits from the
ultrasonic bath is not significantly affected by increase in intens- 
-2 -2
ity from 596 Wm to 928 Wm is predictable. It was shown in 
subsection 6.2(a) that the number of cavities formed in the electro­
lyte does not significantly change with increase in intensity above 
-2
250 Wm , and xt is expected that the severity of erosion depends
primarily on the density of cavitation bubbles at the deposit surface.
6.3(b) Porosity 
It has been shown in this work that:
1. ultrasonic agitation causes a substantial reduction 
in deposit porosity: deposits from the ultrasonic
bath are almost pore free, whereas those from the
still and stirred baths have considerable porosity.
This f inding concurs with the results in .the liter­
ature (section 2.8).
2. The porosity of deposits from the ultrasonic bath
is independent of current density whereas the poros­
ity of deposits from the still and stirred baths 
varies considerably with current density and is a . 
maximum at 200 and 300 Am respectively.
In order to understand how ultrasonic agitation reduces
porosity a foreknowledge of its cause in the still and stirred
121
deposits is necessary. It is generally accepted that the
principal causes of porosity in deposits include cathodic hydrogen 
evolution, the co-deposition of foreign material from the electro­
lyte, the presence of impurities in the cathode surface and the mis­
fit of deposit grains. Of these factors the last seems the most
101
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Fig. 6.4 (a), Particle of crystalline copper removed by cavitation
from the deposit shown in Fig. 6. 3. Superimposed is a 
distribution trace for copper along the indicated line.
(b) as (a), but showing Cu Kq, distribution.
likely cause of porosity in the present work. This is because 
the possibility of porosity arising from the first three causes 
is negated by consideration of other factors. For example, poros­
ity is clearly not due t-o the co-deposition of hydrogen because 
plates were produced at polarization potentials (40-130mV) below 
that for hydrogen evolution (about 400mV). Further, it is improb­
able that porosity is due to impurities in the cathode surface 
because electrodes in the three baths were formed from the same 
material (analar copper foil). This is reinforced by the fact that 
optical microscopy (Fig 5.7) reveals that most pores are formed 
away from the cathode surface. Finally, it appears that the co­
deposition of foreign material from the electrolyte is not a major 
cause of porosity. First, because analysis (Table XVIII) shows that
with the exception of lead, the level of impurities in deposits from
-2 - • 
the three baths at a current density of 300 Am is about the same.
Second, because in spite of the considerably smaller lead content in
the still deposits, the porosity of deposits from the still and
stirred baths are almost the same (Table VIII).
Optical microscopy (Fig 5.7) confirms that the porosity 
of deposits from the still and stirred baths is mainly caused by 
the failure of adjacent grains to meet during growth. Further,
Table VIII shows that the porosity of the deposits varies with 
current density. This is a predictable finding on the basis of 
grain coalescence because grain size changes with current density 
(see Fig 5.10) and it is expected that the ability of grains to 
coalesce is conditioned by their size.
The relation between porosity and grain size is clarified 
by plotting the grain size of deposits from the three baths against 
the porosity. The graph in Fig 6.5 confirms that porosity in 
deposits from the still and stirred baths varies with grain size.
It shows that the porosity of still and stirred deposits is a max-
•*6 -5imum at grain sizes of about 7.5 x 10 m and 1.4 x 10 m respect­
ively, and that porosity is less in deposits with larger and smaller 
grains. It seems reasonable to suggest that the reduction in poros­
ity with increase in grain size results from a decrease in grain 
boundary area caused by the formation of deposits with large well 
developed crystals, whereas that due to the decrease in grain size
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Fig. 6. 5 Deposit porosity related to grain size.
x still., © stirred., a ultrasonic agitation 
( I = 596 Wm"2 )
Graph constructed from data given in 
tables VIII and X.
is caused by an increase in the grain packing density. Thus max­
imum porosity is associated with optimum grain boundary area and 
packing density.
Since the porosity of deiposits from the still and stirred
baths results from the misfit of adjacent grains, it seems a logical
assumption that ultrasonic agitation reduces porosity by promoting
the coalescence of grains. Table VIII and Fig 5.7 show that in the
-2
current density range 100-400 Am the low porosity of deposits from 
the ultrasonic bath is unaffected by current density and grain size. 
The almost pore-free nature of these deposits indicates that vir­
tually all grains coalesce completely. This last point is substan­
tiated by optical microscopy (Figs 5.7 and 5.8). These results to­
gether with the finding that ultrasonic agitation increases deposit
grain size (Fig 5.10) appear to invalidate the hypothesis of
88Kochergin and Vyaseleva that the formation of small grained 
deposits with high packing density is responsible for the reduction 
in porosity.
Scanning electron micrographs of deposit nucleation and 
growth (Fig 5.5) reveal that the increase in coalescence arises 
because ultrasonic agitation promotes lateral or two dimensional 
growth; deposits from the still and stirred baths exhibit mainly 
three dimensional growth. The reason for this is not clear, but 
it seems likely that ultrasound favours lateral growth because 
cavitation removes crystals and whiskers that grow away from the 
deposit surface. In support of this it was shown in section 6.3(a) 
that cavitation removes deposited metal from the cathode (Fig 6.3) 
and particles of crystalline copper were collected from the electro­
lyte (Fig 6.4). Further, it is evident from Fig 5.20 that when a 
deposit from the stirred bath is subjected to ultrasound, cavitation 
removes and erodes crystals at the surface of the deposit.
6.4. 'Microstructure of Deposits /
6.4(a) Deposit Structure 
It is clear from this work that:
1. ultrasonic agitation substantially increases the
103
number of twins contained in deposits.
2. deposits from all three baths do not exhibit any 
significant texture.
The twins in deposits from all three baths (see Figs 
5.7, 5.8 and 5.9) are growth twins: deformation twins are not \ 
normally observed in copper. In copper, twins are due to faulting 
in the stacking sequence of atoms on the {ill} close packed planes. 
They may be produced if the stacking sequence, which on these - 
planes is ABCABC, changes and becomes ABCA/BACBA, giving the seq­
uence BACBAC rather than ABCABC. Such a twin is initiated by an 
atom depositing in a position of slightly higher energy which causes 
an error in the stacking of subsequent atoms. Thus, after the seq­
uence ABC, an atom can deposit into either the A or B position; if 
it is deposited into the B position a twin may result. Growth twins 
form readily in copper deposits because the extra energy required to 
produce a stacking fault is only a small fraction of the activation
energy for deposition, which is believed to lie between about
-1 -1 122 
42 KJ mol and 63 KJ mol . For instance, assuming that the
energy of a coherent twin boundary in copper,^, is about 2.0 x
-2 -2 123 . 124.
10 Jm and that this energy acts over three atomic layers
it was calculated from equation 6.6 that it is equivalent to an
-1 125energy, E, of only about 267 J mol . Vaughan proposes that the
%  J  6.6
E =   . . •
(J_)2 .n
■ KX '
where N a = Avogadro’s number.
. 23 -1
(6.023 x io mol )
KX = interatomic distance (2.55 x 10 ^ m )
n = number of atomic layers over which
Y acts - ' ,
{111} planes required for twinning occur at step edges where deposit 
growth by edge extension of platelets normally takes place. He 
states that such {111} faces exist in these regions when the steps 
are three or more atoms high. Hence, it is probable that twinning 
occurs early in the growth process after the commencement of mono­
104
step bunching.
Ultrasonic agitation increases twinning because it
promotes faulting in the., stacking sequence of copper atoms on the
{ill} planes. Increased faulting is not surprising, since, even
at the lower intensity, ultrasonic energy in the electrolyte is
-2
equivalent to about 596 Jm . If it is assumed that only 1% of •
this energy is transmitted to the copper deposit, the energy re-
-2 -2
quired to produce a coherent twin boundary, 2.0 x 10 Jm , is 
still greatly exceeded. Further, it seems likely that energy from 
cavitation implosions at the cathode also contribute to the produc­
tion of growth twins.
6.4(b) Grain Size 
The present work has shown that:
1. ultrasonic agitation, like mechanical stirring, 
increases deposit grain size. The increase caused 
by ultrasound, however, is not as great as that 
caused by stirring.
_2
2. at ultrasonic intensities above 100 Wm , g r a m
size increases with rise in intensity: below 
-2
100 Wm it is unaffected.
It is apparent from the linear intercept measurements 
(Fig 5.10) and from optical microscopy (Fig 5.7) that in all three 
baths deposit grain size decreases with rise in current density. 
Further, it can be seen from the polarization curves in Fig 5.1 
that the changes in grain size with agitation and current density 
are related to the cathodic overpotential; in the sense that the
higher the polarization potential the smaller the grain size. Such
. • , • • 4, 126, 127a relationship is well known. 3 3 -
12 7
Raub and Muller point out that the relation between
polarization potential and grain size arises from the dependence 
of crystal nucleation and growth on the deposition polarization 
potential. Thus, at high polarization potentials (high current 
densities) the fast rate of metal ion discharge leads to a large
105
number of nuclei and consequently limited growth. Hence, small 
grain deposits are formed (Fig 5.7, micrographs b, d and f ). At 
low polarization potentials (low current densities) the discharge 
of metal ions compared with that at high polarization potentials 
is relatively slow and hence the tendency is for existing crystals 
to grow rather than for new crystal nuclei to form. Consequently, 
deposits formed at low polarization potentials generally consist 
of a comparatively small number of well developed grains (micro­
graphs a, c and e , Fig 5.7).
It is the accepted view that nucleation does not require
128the formation of atomic aggregates of critical size . Burton
129 130
et.al. and Frank have shown that dislocations emerging at
the cathode surface may act as nucleation points for crystalliz-
131
ation. Further, Conway and Bockris calculated that the only
energetically feasible path for an ion to take when crossing from 
the solution phase to the metal phase is that which involves trans­
ference to a planar site. In accordance with this, it is considered 
that electrocrystallization occurs in the following three steps. 
First, ad-ions are transferred to planar surface sites. Second, 
they move over the cathode surface to crystal edges which are 
characterised by emergent screw dislocations. Finally, ad-ions 
diffuse along the edges until they reach kink sites (lowest energy 
position) where they are incorporated into the crystal lattice.
Thus, in the light of this interpretation of the crystallization 
process, the decrease in grain size with rise in polarization poten-
114
tial observed m  this, and other work, can be explained by an
increase in the number of active dislocation growth sites with rise 
in cathodic overpotential.
The relation between cathodic polarization and grain
size is made clear by plotting.the grain sizes of plates from the
three baths against polarization potential. The graph in Fig 6.6
shows that a linear relation generally exists between polarization
potential and grain size. The most important feature of Fig 6.6,
however, is that all points for the three baths occur on one straight
line, with the exception of those for the stirred bath at a grain
—6size above about 4.0 x 10 m (corresponding to a current density 
.-2
below 600 Am ). The results for the stirred bath above a grain size
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of about 11.0 x 10 m (corresponding to a current density below 
-2
400 Am ) lie on a second straight line that is almost parallel 
to the first, but which gives a larger grain size for a given pol­
arization potential. The different grain size - polarization pot­
ential relationships shown by these two curves are expressed by the 
empirical equations 6.7 and 6.8. The former equation refers to the
d == P - 194 6.7
-1.35 x 104
_  d = P - 254
-1.22 x 104 6.8
where d = grain size (m)
P = polarization potential (mtf)
left hand curve in Fig 6.6 and the latter equation refers to that 
on the right.
These findings suggest that deposition in the stirred
_2
bath at current densities below 400 Am differs in some fundamental
way from that in the ultrasonic and stikfceel baths. At current
-2
densities above 600 Am deposition in the stirred bath is apparently
similar to that in the other two baths, and the transition from one
empirical relationship to the other takes place in the current dens-
-2
lty range 400 - 600 Am . Since stirring aerates the electrolyte it
seems reasonable to speculate that the change in the deposition
-2
process m  the stirred bath at current densities below 400 Am may 
be associated with an increase in the concentration of oxygen at the 
cathode.
In support of this hypothesis, it was observed that
-2
deposits from the stirred baths at current densities above 600 Am
-2had a nodular surface, whereas those formed below 400 Am had a
crystalline surface with a spangled appearance. In the region 600 - 
-2
400 Am a gradual transition from one type of structure to the other
-2
did not occur. On the contrary, at 600 Am a small region of 
crystalline deposit began to form at the top of the cathode near the
107
surface of the electrolyte and this gradually increased in size
. " -2 . , 
with decrease m  current density, until at 400 Am it completely
covered the surface of the deposit. This area of crystalline dep­
osit initially imaged the small vortex in the centre of the plating 
bath caused by the stirrer, and a sharp demarcation existed between 
the crystalline and nodular areas of deposit. Since deposit thick­
ness was fixed at 7.8 x 10 ^m the increase in the effect of oxygen 
on grain size with decrease in current density is probably assoc­
iated with the slow deposition rates and long plating times at low
- 2 ' - 2 ■ 
current densities (6h. at 100 Am compared with 51 min. at 700 Am ).
Optical micrographs of sectioned deposits (Fig. 5.7) show
that plates from the stirred bath at current densities of 100 and 
-2300 Am have a fine grained layer of deposit adjacent to the cath­
ode surface. Moreover, it is evident that the thickness of this 
layer is greater at the higher current density. These observations 
may also be explained on the basis of the effect of plating time
(time of stirring) on the amount of oxygen dissolved in the electro-
_2 . 
lyte. Thus, at a current density of 100 Am the fine grained
-2
layer of deposit is much thinner than that at 300 Am , because the
time taken for oxygen to reach a level sufficient to influence
deposition is only a small fraction of the total plating time which
-2was 6h. At 300 Am , however, the plating rate is higher and the 
plating time correspondingly shorter (2h.). Hence, the thickness 
of the deposited layer adjacent to the cathode is increased consid­
erably because the time required for oxygen to reach a level suff­
icient to affect the deposition process is a larger part of the 
plating time.
It is to' be noted that ultrasonic agitation, unlike 
stirring, does not aerate the electrolyte; rather cavitation tends 
to deaerate the solution. The mechanism involved is probably sim­
ilar to that described in subsection 1.3(b). This accounts for the 
fact that deposits from the still and ultrasonic baths exhibit the 
same grain size - polarization potential relation.
In contrast with the theoretical description of electro- 
crystallization given earlier, scanning electron micrographs
108
(Fig 5.5) show that the nucleation and growth of deposits from the
-2
still, stirred and ultrasonic baths at a current density of 50 Am
involves the spreading of discrete globules of copper many atomic
layers high. Moreover,-nucleation preferentially occurs at scratches
on the cathode surface and ultrasonic agitation does not appear to
alter the nucleation process. The finding that copper crystallizes
in the form of discrete globules suggests the operation of a class-
' 132
ical type nucleation mechanism in which atomic aggregates that
exceed a certain critical size for stability and growth are formed 
by chance perturbations. Both the current density and the disloc­
ation density, however, are probably slightly higher at scratches. 
Hence, it seems more likely that ions are attracted to the scratches 
b y ,the higher current density, and that on reaching a scratch they 
wander over the surface until they arrive at an emergent screw dis­
location where they are incorporated into the metal lattice as des­
cribed previously.
It can be seen from the grain size measurements (Fig 5.11)
and from the X-ray diffraction results (cf. micrographs c and d,
Fig 5.12) that the grain size of deposits from the ultrasonic bath ~
increases with rise in ultrasonic intensity. Further, it is apparent
from Fig 5.11 that grain size is unaffected by intensities below 
-2
about 100 Wm . This is probably because at Such low intensities
the stirring which results from cavitation is too weak to produce a
significant reduction in cathodic:polarization, and hence to cause.
a measureable change in grain size. It is also evident from Fig 5.11
_2
that at high ultrasonic intensities (above 600 Wm ) there is a
decrease in the change in grain size with rise in intensity. This
'■ . . -2agrees with the finding that an increase in intensity from 596 Wnr
-2
to 928 Wm does not significantly alter cathodic polarization 
(Fig 5.2) and therefore with the hypothesis that a limit exists to
the degree of stirring caused by cavitation.
6.5 Mechanical Properties of Deposits
6.5(a) Hardness 
It has been shown in this work that:
1. ultrasonic agitation increases deposit hardness,
109
whereas it is reduced by mechanical stirring.
2. at ultrasonic intensities above about 150 Wm
. deposit hardness increases with rise in intensity:
-2
below 150 Wm it is unaffected.
3. the change in hardness with increase in intensity '
_2
from 596 to 928 Wm is greater at high current
_2 ’ 
densities (550 - 700 Am ).
It is clear from grain size measurements, porosity det­
erminations and electron microscopy that more than one factor is 
responsible for the hardening caused by ultrasonic agitation.
A plot, Fig 6.7, of the variation in deposit hardness 
with grain size for deposits from the three baths suggests that 
deposit grain size is the main factor determining hardness. The 
relationship between the two is such that the smaller the grain 
size the greater the hardness. The correlation may be explained 
by the fact that in small grained deposits there are more grain 
boundaries to block the slip planes along which deformation occurs.
Decrease in grain size is largely responsible for the
general increase in deposit hardness with rise in current density
observed for deposits produced under all agitation conditions
(Fig 5.13). Thus, the steep hardness rise exhibited by deposits
from the still and stirred baths results from the formation of small
grains. In the still bath small grains are due to deposition under
diffusion controlled conditions. At high current densities (above 
-2
500 Am ) diffusion control leads to the formation of almost com­
pletely powdery deposits in this bath and hence a sharp fall in hard­
ness (Fig 5.13). Before the decrease occurs, however, the hardness
of plate from the still bath exceeds that of deposits formed in the
-2
low intensity ultrasonic field (596 Wm ) over a narrow range of 
current densities. This is because deposits from the still bath 
have very small grains (Fig 5.10).
It can be seen from Fig 5.10 that ultrasonic agitation
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increases deposit grain size. In this way it is similar to
mechanical stirring which, it will be noted, decreases hardness
(Fig 5.13). Thus, it is clear that a change in deposit grain size
cannot explain the hardening effect of ultrasonic agitation. On
the contrary, it is probable that the larger grain size decreases
the hardening caused by other factors. These findings invalidate
63 'the theory of Kochergin and Vyaseleva that ultrasound increases 
hardness by decreasing deposit grain size.
It is apparent from Fig 6.7 that the hardness of still
and stirred deposits is not determined by grain size alone: above
a certain grain size, hardness is seen to increase with grain size.
This suggests that another factor, absent in ultrasonic deposits,
modifies hardness. The second factor is porosity, and its influence
is such that for a specific grain size the less porosity the higher
the hardness. Since deposits from the still and stirred baths are
porous (Table VIII) the average hardness measured is below the
intrinsic value. Thus, a correlation exists between the hardness
curves in Fig 5.13 and the porosity values in Table VIII. For
example, the current density at which the softest deposits are
obtained from the still and stirred baths corresponds to that at
which the most porous deposits are formed. Further, the initial
slight fall in hardness with increase in current density observed
for deposits from these baths is associated with an increase in
porosity. Deposits from the ultrasonic bath at an intensity of 
-2
596 Wm are almost pore free (Table VIII), hence, it seems likely 
that hardening caused by low intensity ultrasound results from the 
decrease in porosity.
Of the factors mentioned by other workers impurities 
can be ruled out as a cause of hardening in this work because anal­
ysis has shown that the impurity content of deposits from the three 
baths is about the same. Plate formed in an ultrasonic field con­
tains more lead than deposits from the still bath, but the increase 
(70 p.p.m.) appears insufficient to cause a significant change in 
the magnitude of dislocation blocking and hence hardness.
The hardness of deposits from the ultrasonic bath
111
continues to rise with increase in intensity above that at which
pore free deposits are formed (Fig 5.13). Hence, it is clear that
a further factor is causing hardening. The hardening caused by
-2high intensity ultrasound (above 596 Wm ) is considered to be
mainly work-hardening. It results from the repeated impacts of
high pressure impulses caused by the collapse of cavities at the
cathode and is, therefore, essentially a fatigue process. That \
cavitation is an important factor controlling deposit hardness as
well as grain size is inferred from Fig 5.11. The figure shows that
hardness is unaffected by ultrasound of intensity below about 
-2
150 Wm . This is probably because at such low intensities the
impact pressures arising from cavitation collapse are too small
to cause either work hardening or reduce porosity. It was proposed
in subsection 6.2(a) that the magnitude of the size oscillations
-2 -
of cavities increases with rise in intensity above about 250 vJm , - 
and it is well known that the impact pressure from the implosion of 
cavitation, bubbles increases with the magnitude of their size change 
during growth and collapse (subsection 1.3(b)). Thus, the increase 
in deposit hardness with rise in ultrasonic intensity is clearly due 
to an increase in the impact pressure resulting from cavitation 
collapse, which in turn is. caused by an increase in the magnitude 
of the size oscillations of cavities. At low intensities, when 
shock wave pressures are small, cavitation decreases deposit poros­
ity by removing growths normal to the surface and promoting lateral 
growth (section 6.3(b)), whereas at high intensities, when pressures 
become relatively large, the deposit is work-hardened.
The hypothesis that cavitation work-hardens copper 
deposits initially stemmed from two findings. First, that after 
long periods of ultrasonic agitation (2h.) areas of copper foil 
anodes in the vicinity of perforations are embrittled. Second, 
that such regions contain many indentations caused by cavitation 
(Fig 5.19). To show that cavitation is capable of work-hardening 
copper its effect on the surface hardness of annealed copper sheet 
and stirred deposits was studied. In both, the application of 
ultrasound resulted in increased hardness. This was associated with 
the formation of cavitation pits (Fig 5.20). Further, in the first, 
more detailed investigation it was found that the increase in hard­
ness was the greater the higher the ultrasonic intensity (Fig 5.21).
112
This agrees with the results for electrodeposits. It is interesting 
to note that subsequent work carried out in the department has
133
shown that the work-hardened copper sheet softens at room temp­
erature, and that after -two weeks the hardness has almost decreased 
to its annealed value. The hardness of deposits from the ultrasonic 
bath, however, is stable; no significant change in hardness was 
found after two years. \
Electron microscopy of deposits, annealed copper cathodes 
and copper foil (Figs 5.9, 5.22 and 5.23) confirms that work-hard­
ening occurs . When an ultrasonic field of high intensity acts upon 
an annealed copper cathode through the growing deposit, the change 
in dislocation density and arrangement indicate that it is slightly 
work-hardened. This experiment was based on the inference that if 
cavitation work-hardens the cathode through the deposit then the 
deposit ought also to be work-hardened. The deposit removed from 
the cathode and other deposits formed under identical conditions 
contain more dislocations than deposits from the still and stirred 
baths (Fig 5.9), but the increase alone is probably insufficient to
account for the hardening observed (15 points) on raising the ultra-
_2 -2
sonic intensity from 596 Wm to 928 Wm . It is likely, however, 
that the increase in the number of growth twins contributes to the 
hardening, and that hardening is due to dislocation blocking by 
boundaries (twin and grain) rather than dislocation interaction.
-2
Accordingly, raising the ultrasonic intensity from 596 to 928 Wm
causes greater hardening at high current densities (28 points at 
-2
600 Am ) because, although deposit grain size increases with
-2
intensity (Fig 5.11), the grains of deposits formed at 928 Wm are
•
remarkably small (no more than 4.0 x 10 m) and therefore more 
boundaries are available to block dislocation movement.
It is evident from a comparison of Figs 5.9, 5.22 and
5.23 that the work-hardening effect of ultrasound is greater on
annealed copper cathodes, foils and sheet than on copper deposits.
-2
For instance, plate formed at the lower intensity (596 Wm ) 
exhibits only a small increase in dislocation density, whereas the 
cathode removed from the deposit has a dislocation cell structure 
that is equivalent in conventional mechanical working terms to about 
5% strain. This is expected because the deposits have a considerably
113
smaller grain size than both annealed copper sheet and foil. Deposits 
are, therefore, intrinsically harder than annealed copper foil and 
have a greater resistance to cavitation impact. Further, new surface 
is continually being formed-during deposition and hence each plated 
layer is shielded from the full effects of ultrasound by subsequent 
layers.
It is to be noted that, for a given ultrasonic intensity 
and time of application of ultrasound, general agreement exists 
between the dislocation density and arrangement observed in the
copper foil, and the hardness increase of copper sheet. Thus, at
-2 ' 
an intensity of 596 Wm and after an application time of 2h. both
copper cathodes and foil exhibit a dislocation cell structure
typical of about 5% strain and the surface hardness of copper sheet
increases by about 23 points; a hardness change that also corresponds
134 -2
to about 5% strain . Further, at an intensity of 928 Wm and
after the same time of application, copper foil contains a coarse
dislocation network characteristic of around 20% strain and the
surface hardness of copper sheet increases by 47 points; a change
134also corresponding to about 20% strain . It was found impossible 
to obtain thin foils from the copper sheet representative of the 
work-hardened surface. This was probably because the worked surface 
was removed preferentially during chemical thinning.
The work of Rayleigh and others on cavitation mech­
anisms throws some further light on the way in which hardening 
occurs. These mechanisms were originally proposed to explain the 
erosion of metals by cavitation, but they are also applicable to 
work-hardening by cavitation.
It is well known that damage is caused when cavitation
occurs in a liquid near a metal surface, but some disagreement
exists as to whether this is due to the impact of shock waves or
to liquid jets arising from collapse. Rayleigh believes that
the impact of shock waves arising from imploding cavities some
135
distance away from the solid boundary causes damage. Cook ,
however, suggests that the destructive action of collapsing cavities
is caused by the direct impact of the liquid against the surface of
136the solid. Kornfield and Suvoro attribute damage to jets of
114
liquid striking the metal surface during the assymmetrical collapse
of cavities on or close to the surface. Observations by Ellis and
137 138 139co-workers ’ and Shuttler and Meisler give support for
this mechanism. They actually saw the formation of such jets in
collapsing cavities and also damage on adjacent solid surfaces.
For cavitation to work-harden copper the impact stress
at the surface due to cavitation collapse must exceed the value of
the 0.1% proof stress, which for annealed copper is about 4.63 x 
7 -2
10 Nm . The intensity of the stress pulse on the surface of a
solid exposed to cavitation appears rather uncertain at present,
but may be expected to vary within wide limits depending upon bubble
115
size and the details of collapse. Nevertheless, Rayleigh has
estimated that the magnitude of the pressure arising from the free
collapse of a spherical cavity some distance from a solid boundary,
and also that due to a direct blow of the liquid on a solid surface.
In the first case, upon free spherical collapse to 2?Q% of the
cavities original diameter, he predicts a pressure equivalent to
8 —2
a stress of 1.26 x 10 Nm , and in the second a much larger pressure
9 - 2equivalent to 1.03 x 10 Nm when the cavity undergoes a similar 
decrease in diameter before the liquid strikes the surface. Both 
stresses exceed the 0.1% proof stress of annealed copper and there­
fore, are sufficient to cause plastic deformation. Moreover, since
the stress required to cause a 5% and a 20% strain in annealed
8 8 —2 134
copper is about 2.31 x 10 and 2.92 x 10 Nm respectively , they
are also large enough to account for the formation of the dislocation
cell structures observed in the cathodes and foils subjected to
-2
ultrasound of intensity 596 and 928 Wm (Figs 5.22 and 5.23)* 
Attention is drawn to the fact however, that Rayleigh’s calcul­
ations are considerably simplified in view of the actual problem,
and hence the pressure values obtained are exaggerated, but they 
certainly give an order of magnitude to the forces involved.
In spite of Rayleigh’s calculations it appears
unlikely that the impact on shock waves plays an important role 
in work-hardening. There are two main reasons for believing this. 
First, a shock wave pressure of sufficient magnitude to cause 
damage is developed only by a bubble that remains spherical during 
collapse: in practice most bubbles undergo distortions during
115
collapse . Second, the peak pressure and stress decrease
rapidly with distance from the centre of a collapsing bubble. The
solid boundary, therefore, must be in the immediate vicinity of
. 140the bubble for damage to-occur. Tulin proposes, however, that
shock waves that are too weak to cause damage because they originate 
far from the metal surface, may induce ultra-jets in cavities close 
enough to the surface boundary for the jets to strike the boundary 
and cause damage. An ultra-jet is a jet of liquid with a velocity 
greater than half the speed of sound in the liquid. Consequently, 
it seems reasonable to suggest that all the mechanisms contribute
to some extent to the hardening of electrodeposits in a high inten-
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sity ultrasonic field, though from the work of Ellis ’■ and
139Shuttler and Meisler it appears that the impact of electrolyte
jets arising during the assymmetrical collapse of cavities near the 
surface of the deposit are a primary factor in cavitation-hardening.
6.5(b) Internal Stress 
It has been shown in this work that:
1. the internal tensile stress of deposits from the 
ultrasonic bath is considerably greater than that 
of deposits from the still and stirred baths which 
are similar.
2. internal stress increases substantially with inten-
-2 -2 
sity between 300 and 600 Wm . Below 300 Wm and
-2
above 600 Wm internal stress is virtually unaff­
ected by rise in intensity.
The reason why ultrasound increases the internal stress
of copper deposits is not clear. One, at first sight, plausible
suggestion, that it is due to cavitation hardening, can be rejected
for several reasons. First, if cavitation bombardment produces a
stress it is expected to be compressive, like that resulting from
shot peening. Second, although a rise in ultrasonic intensity from 
-2
596 to 928 Wm causes work-hardening, the internal tensile stress
is virtually unaffected (cf. Figs 5.11 and 5.14). This may be
-2because the plating time, which ranged from lh. at 50 Am to 4.5 min. 
-2 .
at 700 Am m  these experiments, is too short to cause a significant
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change in dislocation density and hence stress. In support of this, 
Fig 5.21 shows that the hardness of annealed copper, sheet does not 
significantly change during the first 30 min. of cavitation bombard­
ment. Finally, an internal stress resulting from cavitation impacts 
would be expected to increase with the time of exposure to cavitat­
ion. No significant change in stress occurred, however, when ultra­
sonic bombardment of the plated spirals was continued for 30 min.' 
after deposition had ceased.
A much more plausible suggestion is that ultrasound 
increases the internal tensile stress by modifying the deposit 
nucleation and growth process. This may be inferred from Fig 5.16 
which shows not only that ultrasound considerably increases the 
maximum stress, but also that this maximum occurs near the start of 
deposition. Further, the fact that the curves in Fig 5.16 for all - 
three baths have the same form, implies that ultrasound increases 
stress by promoting the factors responsible for stress in the still 
and stirred deposits. It follows, therefore, that a knowledge of 
these factors would allow an appreciation of how ultrasound increases 
stress. These factors, however, are not yet fully understood and no 
single theory so far proposed accounts for all the observations in 
the literature. Nevertheless, it is generally believed that stress 
results from the volume change that occurs during, or soon after 
deposition starts, and which is restrained by the substrate or pre­
ceding deposited layer. Many explanations have been proposed for 
this volume change, and they axe all based on one or other of the 
following five theories 141. Briefly, these are as follows.
1. Hydrogen - Hydride Theory
The stress results from the presence of hydrogen or 
hydride in the plate. This is incorporated during 
deposition and causes a dilation of the host lattice. 
The hydride is unstable and decomposes to form 
hydrogen which either diffuses out of the deposit 
to cause a tensile stress or into lattice defects 
and grain boundaries to produce a compressive stress.
2. Excess Energy Theory
This theory, which was put forward by Barklie and
117
Davies , proposes that when first incorporated 
into a crystal lattice ad-ions have an excess energy 
and are at a higher temperature than their environ­
ment. Consequently, they form a thermally expanded 
lattice at the surface of the deposit which contracts 
on cooling to produce a tensile stress. The excess 
energy results from the fact that the ad-ions must, 
surmount an energy barrier corresponding to the act­
ivation polarization before being included in a metal 
lattice. It is to be noted that this theory has been
143-145
considerably criticised and at least partially
invalidated. For instance, the theory cannot explain 
the formation of compressive stresses.
Occluded Matter Theory
The stress is caused by a change in the chemical 
composition, shape or orientation of foreign matter 
incorporated in the deposit, and may be either ten­
sile or compressive. Explanations based on this
theory, however, appear equivocal and little evidence
141
exists to support them. Further, Weil believes
that the effects of foreign material on internal 
stress are best explained by their influence on 
crystallite coalescence and dislocations.
Crystal Coalescence Theory
The stress results from crystallite coalescence.
146 . .Allsop suggests that it is due to lattice mis­
alignment when adjacent'crystal nuclei impinge, and 
he assumes that coalescence takes place under re­
straint due to adhesion with the substrate.
Dislocation Theory
. 147This theory proposed by Hoar and Arrowsmith , 
supposes that owing to the surface tension of the' 
growing surface, edge dislocations of predominantly 
the same Burger’s vector are formed in the vicinity 
of vacancies which leads to a tensile stress. The 
theory, however, may be regarded as a generalisation
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of Allsop's model , because low angle misfit 
boundaries are arrays of edge dislocations of the 
same sign.
The first three of these theories do not appear to be
relevant in the present work; they are negated by consideration of
the experimental results. For instance, theories based on the cb-
deposition of hydrogen and the inclusion of hydrides (1) are probably
not applicable because the polarization curves in Fig 5.1 indicate
that hydrogen is not co-deposited in the current density range invest- 
. -2
igated (50-700 Am ). It is also unlikely that stress arises
because depositing ad-ions have an excess energy (2). At a given
current density the polarization potentials for deposition in the
still and stirred bath are different (Fig 5.1), but the stresses in
the plates are about the same. Further, it is improbable that
stress results from foreign substances incorporated in the deposit
in a meta-stable form (3). Analysis (Table XVIII) indicates that
the rise in stress caused by ultrasonic agitation is not associated
with an increase in the impurity content of the deposit. Moreover,
148
Popereka and Koshmonov point out that co-deposited foreign
matter only causes stress if. its concentration or distribution changes
149
with deposit thickness, and Vagramyan and Solov'eva state that
concentration changes result from a gradual decrease in the impurity
content of the electrolyte as plating progresses. In this work,
however, a fairly large volume of electrolyte (41) was used and the
—6stress In thin deposits (6.6 x 10 m) was measured. It is unlikely, . 
therefore, that changes in the impurity content of the electrolyte 
■vjexe sufficient to affect the concentration of impurities in the 
deposit and hence cause stress. Nevertheless, it is possible, 
although improbable, that the higher stress in the ultrasonic dep­
osits is due to a change in the distribution of impurities.
The fourth theory, however, does offer a satisfactory
explanation for the occurrence of stress in the deposits and the
effects of ultrasonic agitation. On this basis, internal stress
arises because coalescence occurs under conditions of constraint
due to the initial epitaxial growth of crystallites. According to 
146 .Allsop , m  such circumstances adjacent crystallites exert an
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attractive force on each other when the distance between them is 
less than twice the lattice parameter of the depositing metal. 
This attraction results in a constraint relaxation between the 
crystallites which in turn causes an elastic stress, a, given by 
equation 6.9.
a  -  J L _  ( 4 )  M N m " 2  6 . 9
1-v h
where d = edge length of a crystallite
V = Poisson.'s Ratio
• . -2 
E = Young1s Modulus (Nm )
A = constraint relaxation length
Kushner states that the stress caused by the con­
straint relaxation arises because the crystallites form a boundary 
(grain or misfit boundary depending on the degree of misorientation) 
when they impinge . Hence, the energy of the system is lowered by an 
amount equal to + ^  gk (^Sv ”t^ ie surface energy of copper
and Y is the average boundary energy). The decrease in the surface
energy corresponds to a strain energy increase in the crystallites
151—153that were originally in compression due to adhesion with the
substrate and to surface tension forces.
The hypothesis that in this work the stress in deposits;
from all three baths results from coalescence is supported by the
finding that stress is a maximum near the start of deposition
(Fig 5*16). It would be expected that maximum stress corresponds
to the stage in the growth process at which crystallites join to
form a continuous deposited layer. Scanning electron micrographs
of deposit nucleation and growth (Fig 5.5) support this view. They
show that a continuous deposit forms early in the plating process:
-7in the stirred bath at a deposit thickness of about 2.2 x 10 m and
-7m  the still and ultrasonic baths at about 5.5 x 10 m. It is to 
be noted that these thicknesses approximate to that at which max­
imum stress occurs (Fig 5.16).
The finding that internal stress increases with current 
density may also be satisfactorily explained in terms of crystallite
120
coalescence. Thus, the greater stress at high current densities 
probably results from a combination of increased coalescence due 
to increased nucleation and a greater misfit between joining 
crystallites. The former suggests a correlation between internal • 
stress and grain size, in the sense that the smaller the grains the 
higher the stress. This is not confirmed by this work because 
stress and grain size were measured on deposits of different thick­
nesses and therefore cannot be related; however, other 
workers report such a relationship. The larger misfit
between impinging crystallites arises because increase in activ­
ation polarization with current density affects the orientation of 
crystallites with respect to the substrate. Thus, according to
157
Pangarov and Velinov F.C.C. metal deposits such as copper form
*
on an inert substrate at low polarization with the closest packed 
planes, {ill} , parallel to the substrate, but with increase in 
polarization they form with less densely packed planes, such as the 
{100} and {110} , in this position. In this work, therefore, since 
stress was determined in deposits formed on a polycrystalline sub­
strate which almost certainly had a random texture, it follows that 
increase in current density and hence polarization probably caused 
nucleation to occur on an increasing number of different crystal 
planes, and the crystallites to become more randomly orientated. 
This would cause the degree of misfit on coalescence to increase 
and consequently a higher internal stress.
If, as postulated above, the stress in deposits from the 
still and stirred baths results from crystallite coalescence then 
it follows that the higher stress in deposits from the ultrasonic 
bath is due to increased coalescence. In support of this hypoth­
esis scanning electron micrographs of deposit nucleation and growth 
in the ultrasonic bath (Fig 5.5) show evidence of increased coales­
cence after a plating time of 5 min. This appears to result from 
an increase in lateral deposit growth. Further, maximum stress, 
which occurs near the start of plating, is considerably higher in 
deposits from the ultrasonic bath than in deposits from the other
A substrate having no preferred nucleation sites.
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two baths (Fig 5.16).
It is apparent from Fig 5.15 that ultrasonic agitation
increases internal stress and thus coalescence only in the intensity 
-2range 300-600 Wm . The reason for this is not clear. Nevertheless,
if as proposed in subsection 6.3(b) the increase in lateral growth
is caused by the action of cavitation on the growing deposit, then
it seems reasonable to suggest that ultrasound of intensity below 
-2
300 Wm does not affect internal stress because the magnitude of 
the impacts arising from cavitation collapse is insufficient to
cause a significant change in the growth mode of the deposit. At
-2 .f>00 Wm , however, it is likely that internal stress reaches an
almost maximum value because lateral growth and hence grain coales­
cence is virtually a maximum. This is supported by the finding
' _2 
that at an intensity of 596 Wm ultrasonic agitation produces
deposits that are almost pore free (subsection 6.3(b)).
6.6 Industrial Significance
Electrodeposited copper has many industrial applications. 
For example, hard copper deposits with good wear and abrasion 
resistance are used for spot and seam welding electrodes, electrical 
components such as contacts, commutators and printed circuits, 
injection moulds and press tools for plastics, and for dies for 
stamping thin metal sheet. Further, bright, pore-free copper plate 
is used as a decorative finish on steel and zinc-based alloys. Low 
porosity is also desirable when copper plate is used as a substrate 
on to which nickel and chromium are plated and when it is used as 
a stop-off in surface hardening treatments such as the nitriding 
and carburizing of steel.
This work has shown that the aforementioned properties 
are all susceptible to improvement by ultrasonic agitation, and 
hence it is clear that ultrasonic agitation is of wide industrial 
interest. For instance, ultrasonic deposits are harder than those 
produced from conventional baths, and therefore, have greater wear 
and abrasion resistance. Moreover, since deposits from the ultra­
sonic bath are brighter and have a smoother surface than conventional 
deposits it should be possible to reduce the time and labour expended
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in buffing operations, and hence reduce costs. In fact by judicious 
choice of plating conditions and ultrasonic intensity it may even be 
possible to omit buffing completely. The increase in surface micro­
roughness caused by cavitation erosion (which does not affect sur­
face smoothness on a macro-scale) is also advantageous, since it may 
help in the keying of subsequent coatings. Perhaps the most import­
ant finding from an industrial stand-point however, is that deposits 
from the ultrasonic bath are almost pore free, whereas conventional 
deposits contain considerable porosity. The decrease in porosity 
increases the corrosion resistance of noble coatings, and where non- 
porous plates are required a considerable reduction in deposit thick­
ness may be achieved resulting in an increased production rate. The 
latter arises because the porosity of conventional deposits decreases 
with increase in plate thickness, and consequently corrosion prot­
ection of a substrate may be achieved only by deposits of consider­
able thickness. Since plates formed in an ultrasonic field, however, 
are pore free a relatively thin layer of deposit gives complete 
protection. It should be noted that an increase in deposit quality 
is.not just peculiar to copper plate from the acid sulphate bath; 
ultrasonic agitation has been reported to produce similar property 
changes in many other metal deposits, including nickel, zinc, 
chromium, silver and gold (chapter 2).
A point that is often raised against the use of ultra­
sonic agitation, is the fact that similar property changes can be 
achieved at far lower cost by the use of addition agents. Additives 
that produce hard, bright and pore-free deposits, however, may also 
produce a high internal stress which can lead to spalling and crack­
ing of the plate and consequently reduced corrosion resistance. It 
is evident from this work that the improvement in deposit properties 
caused by ultrasound is accompanied only by a marginal increase in 
internal stress. Moreover, other workers report that ultrasonic 
agitation actually decreases the internal stress in chromium and 
nickel deposits. Further, some applications exist for which add­
ition agents are not s u i t a b l e F o r  example, they are not used in 
coatings that are subjected to high termperatures, or in coatings 
on wear surfaces which may experience local high temperature rises. 
This is because addition agents generally decompose at moderate
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temperatures (the copper benzotriazole complex decomposes at about 
350°C ^ ® )  and breakdown often causes cracking and spalling of'the 
plate.
Two important findings, not yet mentioned, are that 
ultrasonic agitation increases the limiting current density and 
raises the current efficiency for deposition at high current 
densities. Both result in an increased plating rate and hence a 
more efficient process. The increase in the plating rate caused 
by ultrasonic agitation in this work was estimated from equation 
6.10. The maximum current density, i, being taken as that which is
r = ^elitn m min.  ^ 6.10
60Y
where r
E , el
i
t
n
y
■ - 2  . ' . .
50 Am below the current density at which powder deposits first
appear. The equation predicts that the maximum plating rate in
—2  6  “ 1 the ultrasonic bath (I = 596 Wm ) is 1.0 x 10 m min. compared
-7 - — 1with 5.8 x 10 m m m .  m  the still bath, which gives an increase
in the plating speed of 72.5%. The plating rate in the stirred
“ 6  - Ibath, however, is the highest at 1.6 x 10 m min. , and represents 
an increase of 175% compared with that in the still bath.
At the present time, agitation appears to be the most 
significant factor in efforts directed towards increasing the 
maximum current density for deposition. This is probably because 
other methods of increasing the allowable current density, such as 
the use of an increased bath temperature and an increase in metal 
ion concentration, have already been incorporated into many prod­
uction processes. It is of interest, therefore, to distinguish 
between ultrasonic agitation and conventional methods of stirring 
on a practical basis. Thus, although conventional methods of
= plating rate
= electrochemical equivalent (g ah ^ )
-2
= maximum current density (Adm )
= plating time (1 min.)
= current efficiency 
-3= density (gem )
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agitation may be less expensive, the rate of stirring that can be 
achieved is limited in practice by operating conditions. For 
example, in the case of conventional solution agitation it is 
difficult to expose the whole area of all the electrodes in the 
plating tank to the flow of the electrolyte as some shielding inev­
itably occurs . In the ultrasonic bath a similar effect resulting 
in non-uniform deposition may occur due to the formation of standing 
waves (discussed later). In addition, most conventional methods of 
solution agitation impose stricter control of solution clarity so 
as to avoid the formation of deposits with rough surfaces. Further, 
for cathode agitation, the degree of stirring is limited by the 
inability to maintain good electrical contact between the work and 
the rack at high rates, and by excessive swinging of the rack on 
the cathode bar. Other restrictions imposed by the size and weight 
of the part being processed often limits cathodic agitation to such 
a degree that the cathode may be considered almost stationary.
These limitations on the effective use of solution and cathode 
agitation do not apply to ultrasonic agitation which with careful 
positioning of the transducer probes occurs throughout the volume 
of the electrolyte. In view of the above facts, it seems likely 
that the finding in this work that mechanical stirring raises the 
deposition rate to substantially higher values than ultrasonic 
agitation is associated with the small volume of electrolyte and 
the simple experimental arrangement used. It is to be noted that 
the increase in deposition rate and consequently the reduction in 
the normal process time obtained by the use of ultrasonic agitation 
may allow a reduction in plating tank size and hence a saving in 
floor space. The latter is of particular importance since it may 
enable the installation of the plating process as an in-line 
operation adjacent to preparatory operations such as pickling and 
buffing. Here the advantages are the elimination of costly inter­
departmental work movements and closer control of the work in 
progress.
The increase in the-deposition rate caused by ultrasonic 
agitation and stirring results from a decrease in the cathodic 
polarization potential; It is important to note however, that the 
present work shows that because stirring, which results from
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cavitation, saturates at low intensities a limit exists to the 
degree of depolarization that can be achieved by ultrasound. This 
finding may be of considerable interest to the manufacturers of 
ultrasonic generators, since it indicates that only generators 
that are capable of producing ultrasound of moderate intensity are
necessary to give a significant increase in the rate of deposition.
_2
The use of low intensity generators (giving 250 Wm in the electro­
lyte) for this application should reduce equipment costs and hence 
make ultrasonic agitation more competitive with conventional methods 
of stirring.
The use of ultrasonic agitation in electrodeposition 
appears to have two disadvantages, one technological and one 
economic. The technological disadvantage is the fact that the 
cavitation field in the electrolyte is not uniform. This causes 
the properties of deposits to vary significantly over the surface 
of the cathode. It will be recalled that in this work brightness 
and the degree of cavitation erosion varied over the surface of 
deposits. It is suggested, that this disadvantage may be overcome 
by continuously moving the work through the electrolyte during 
plating, as in the continuous plating of wire and strip, so that 
it is subjected to all parts of the ultrasonic field. Where move­
ment of the work is not possible, standing waves, which are mainly 
responsible for the non-uniformity of cavitation, may be dispersed 
by a thin baffle-plate suspended directly above the transducers,
though this generally causes a significant reduction in ultrasonic
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intensity due to reflection. Further, Kenahan and Schlain 
indicate that a uniform ultrasonic field in the electrolyte may be 
facilitated by the use of a large plate transducer in the base of 
the plating tank. The economic, and principal disadvantage of 
ultrasonic agitation is the high capital investment required for 
installation. It is this, rather than the fact that ultrasonic 
agitation does not sufficiently improve the plating process, that 
is responsible for the slow progress made by ultrasound in the field 
of electroplating. For example^, a rubber lined, mild steel plating 
tank measuring 1.2m x 1.8m x 1.2m with a capacity of 2,5001. costs 
about £325 and can be installed and fitted with the necessary ancill­
ary equipment for agitation at a cost of under £1,000. An ^ .
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ultrasonic plating tank, however, of similar dimensions and cap­
acity costs in the region of £15,000. This figure is based on the 
following assumptions. First, that about twenty transducer probes 
placed in the base of the plating tank are required to give reason­
able coverage of the electrodes. Second, that the electrical power 
input to the transducers required to generate ultrasound of suff­
icient intensity to agitate such a large volume of electrolyte and
-2hence to affect the plating process is about 5.5KWm of the surface 
area of the electrolyte at an approximate cost of £1,200 per KW.
It is evident from the above discussion that the applic­
ation of ultrasonic agitation to a particular plating process 
depends upon whether the economic advantages and the increase in 
deposit quality that can be obtained compensate for the capital 
investment. It is interesting to note, that at the present time 
and important British company is considering using ultrasonic 
agitation to produce pore-free gold plate. Clearly, the saving in 
metal alone (achieved by the use of thinner deposits) makes ultra­
sonic agitation a viable proposition. Further, in the field of 
electrowinning it has recently been demonstrated that ultrasonic 
agitation increases the maximum current density to higher values 
than the widely used method of periodic current reversal. Ultra­
sound was also found to be more economic than periodic reversal 
which causes some dissolution of the deposit and hence is wasteful 
in its consumption of electricity.
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CONCLUSIONS
In view of the considerations in the previous chapter 
it may be fairly concluded that:
1. the rise in cathodic limiting current density caused 
by ultrasonic agitation is due to the reduction in 
concentration polarization that results from cavit­
ation at the cathode surface. The increase in the 
limiting current density that can be achieved by 
raising ultrasonic intensity is restricted because
a limit exists to the degree of stirring and hence 
depolarization caused by cavitation. The limit of 
stirring appears to be reached when the density of 
cavities in the electrolyte is a maximum.
2. At high current densities, the increase in current 
efficiency caused by ultrasonic agitation may be due 
to the reduction in cathodic concentration polar­
ization. The slight decrease in current efficiency 
at low current densities is probably nominal and 
results from cavitation erosion of deposited metal.
3. The increase in brightness caused by ultrasonic 
agitation results from erosion of the deposit surface.
4. The decrease in porosity caused by ultrasound is due 
to a considerable increase in grain coalescence.
This results from a predominance of two dimensional 
deposit growth.
5. The increased number of growth twins in deposits from 
. the ultrasonic bath is due to the fact that ultra­
sound promotes faulting in the stacking sequence of 
copper atoms on the {111} planes. This results 
because the ultrasonic energy in the bath greatly 
exceeds the energy required to produce a coherent 
twin boundary.
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6. The increase in grain size caused by ultrasonic 
agitation is due to a decrease in cathodic concent­
ration polarization.
7. The increase, in hardness caused by ultrasonic 
agitation is due to two factors:
i a substantial reduction in deposit porosity.
ii work-hardening.
The first is the predominant factor at low intensities 
_2
(below 596 Wm ) whereas the second is the controlling 
factor at high intensities. The work-hardening is 
essentially a fatigue process and results from rep­
eated impacts on the surface of the deposit caused by 
the collapse of cavities. Hardening is due to dis­
location blocking by twin and grain boundaries rather 
than dislocation interaction.
8. The rise in internal tensile stress caused by ultra­
sonic agitation is due to an increase in crystallite 
coalescence at the start of plating. This probably 
results because ultrasound promotes lateral growth 
of the crystallites.
9. The degree of cavitation occurring in the electrolyte 
is the principal factor controlling the properties of 
deposits produced in an ultrasonic field. Cavitation 
influences deposit properties in two ways. First, it 
has an electrochemical effect which appears to depend 
mainly on the number of cavities formed. This effect 
causes the increase in deposit grain size and rise in 
limiting current density. Both result from a decrease 
in concentration polarization caused by the stirring 
resulting from cavitation collapse. Second, cavit­
ation has a mechanical effect which depends prin­
cipally on the magnitude of the size oscillations 
prior to collapse. This effect causes hardening,
the increase in brightness and probably, indirectly, 
the reduction in porosity and increase in tensile
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stress. These changes are caused by repeated 
impacts on the deposit surface which result from 
cavitation collapse.
10. The successful adoption of ultrasonic agitation by 
the plating industry will depend on whether the 
economic advantages gained by its use can compensate 
for the high capital investment. Ultrasonic agit­
ation, therefore, appears to be particularly applic­
able to the plating of precious metals and to the 
continuous plating of metal wire and strip. Where 
ultrasound is used solely to increase the rate of 
the plating process, such as in electrowinning, 
capital costs may be slightly reduced by the use of 
low intensity ultrasonic generators.
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FURTHER WORK
It is evident from the discussion that there are several 
areas in which further work may be usefully carried out. For 
example, it appears that the finding in the literature that ultra­
sonic agitation has a greater effect than conventional stirring on 
cathodic polarization and limiting current density may be associated
with the large volumes of electrolyte that were used. The inference
is that it becomes increasingly difficult to effectively agitate a 
plating solution by conventional means as the volume is increased, 
whereas the degree of agitation caused by ultrasound is virtually 
independent of the volume of electrolyte used. It would be inter­
esting to clarify this point by studying the relative effects of 
ultrasonic agitation (frequency and intensity constant) and stirring 
(rate constant) on cathodic polarization with increase in the volume 
of the plating solution, say, in the range 11. to 201.
This work has shown that in the ultrasonic bath, agitation
arising from cavitation saturates at moderate intensities. Studies
of the effect of ultrasound on the current density at which powder
deposits first form indicate that saturation may be reached at an
_2
intensity as low as 250 Wm . It would be useful, therefore, to 
determine the exact intensity at which saturation occurs. This may
be achieved by investigating the influence of ultrasonic intensity
-2 . . .
in the range 0-600 Wm on cathodic polarization. It is suggested
that cathodic polarization curves are produced at intensity inter- 
-2
vals of 50 Wm .
In view of the fact that the present work indicates that 
an increase in two-dimensional deposit growth is responsible for 
the increase in internal tensile stress and the decrease in porosity 
caused by ultrasonic agitation, further studies of the effect of 
ultrasound on deposit nucleation and growth would be of value. It 
would be interesting to supplement the present investigation of 
this process using the scanning electron microscope, with potentio- 
static studies. Such work would include current-time plots at 
constant potentials, and should help to clarify the predominant 
mode of nucleation and growth in the three baths.
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18 20The work of Bondarenko and co-workers ’ indicates 
that the property changes caused by ultrasonic agitation may be 
considerably enhanced if the transducers are attached directly to 
the electrodes. The present work therefore, could be extended by 
carrying out an investigation to confirm this. At the same time, 
it would be useful to study the influence that the position of the 
-transducer probes has on the properties of the deposit. In this 
work the transducers were positioned in the base of the plating 
tank directly below the electrodes, and the direction of sound 
propagation was parallel to the cathode surface. In subsequent 
work the transducers could be placed in the sides of the plating 
tank and the effects of sound propagation both normal and parallel 
to the electrode surface studied. It may also be rewarding to 
examine the combined effect on deposit properties of transducers 
placed in the base and sides of the bath. The former propagating 
sound parallel to the surface of the electrodes and the latter 
propagating it normal to the surface.
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New Explanation for the Hardening 
Effect of Ultrasound on Electro­
deposits
Interest is reviving in the industrial use of ultrasonic agitation 
of electrolytes to improve the properties of metallic electro­
deposits. An increased hardness can be produced1-7, but the 
reason for its occurrence has not been fully ascertained and the 
two explanations so far advanced1,2 seem to be invalid. 
Muller and Kuss1 believe that ultrasound increases the 
number of foreign particles included in the deposit; these 
block the movement of dislocations and hence increase the 
hardness. No experimental evidence is provided to support 
this view; moreover, Kelsen8 points out that suspended 
impurities in the electrolyte will not adhere to the cathode, 
because the relatively massive electrode will not follow the 
movement of the particles. According to Kochergin and 
Vyaseleva2 ultrasound increases hardness by decreasing grain 
size; some experimental evidence9-11 supports this, but it is
50 Mb
Fig. 1 Scanning electron micrograph showing indentations 
caused by cavitation (see text).
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Fig. 2 Effect of an ultrasonic field on the surface hardness of 
annealed copper sheet. A, 7=2.1 x 103 W m-2; O, 7= 
1.0xlO3 Wm-2.c
generally accepted that ultrasound increases deposit grain 
size12-14 because it reduces cathodic polarization.
We have obtained experimental evidence that ultrasonic 
agitation increases the hardness of electrodeposits by a work 
hardening mechanism. In the course of current research we 
noted that, after long periods of ultrasonic agitation, copper 
foil anodes were perforated by cavitation and the area around 
the perforations was embrittled and considerably hardened. 
Scanning electron microscopy showed that these regions 
contained numerous indentations caused by cavitation (Fig. 1). 
These findings led to a detailed investigation of the effect of 
ultrasound on both the surface hardness of copper sheet 
annealed at 500° C for 30 min and the surface hardness and 
topography of copper deposits previously plated from a 
stirred electrolyte (CuS04.5H20 125 g I-1, H2S04 50 g I-1) at a 
current density of 300 A m -2. Copper strips were cut from the 
annealed sheet (thickness 7.2 x 10-4 m) and an area of 2 x 10-3 
m2 was subjected to an ultrasonic field of frequency 13 kHz 
and field intensities of 1.1 x 103 W  m -2 and 2.1 x 103 W  m~2. 
The field was applied to the strips by immersing them in 4 1 
of water contained in an ultrasonic plating tank. Their 
hardness was recorded initially and at 30 min intervals during 
the application of ultrasound over a period of about 5.5 h. 
Copper deposits (thickness 7.8xlO-5 m, area 2.0xlO-3 m2) 
were immersed in the same tank and for 2 h subjected to an 
ultrasonic field of frequency 13 kHz and intensity 1.1 x 103
Fig. 3 Scanning electron micrograph showing cavitation 
pit (see text).
W m~2. The surface hardness and topography of the deposits 
were recorded before and after they had been subjected to the 
field. All hardness determinations were carried out with a 
microhardness tester and a 25 g load.
Ultrasound increased the surface hardness of annealed 
copper sheet (Fig. 2), the increase being greater at the higher 
intensity. In the case of the copper deposits, ultrasonic agita­
tion increased the surface hardness from about 95 to 120 HV. 
The surface of the plate contained cavitation pits similar to 
those observed in the copper foil anodes (Fig. 3).
We conclude that during electrodeposition in the presence 
of ultrasonic agitation the plate is hardened by the cavitation 
that occurs at the cathode surface. Because is has been 
dem onstrated15 that the pressure within cavitation bubbles 
immediately prior to their final collapse can attain several 
thousand atmospheres, we postulate that the surface of the 
growing deposit is deformed and hardened by the impact of 
the shock waves resulting from the implosion of the cavities. 
Further, this deformation of the growing deposit inhibits the 
production of a well developed crystalline surface structure 
and may account for some of the increase in brightness often 
observed when plates are deposited in an ultrasonically 
agitated electrolyte.
We thank the SRC for financial support (C. T. W.), and
Mr A. Grange of Ultrasonics Ltd, Shipley, Yorkshire, and 
Professor Waldron for their interest.
C. T. W alker  
R . W alker
Department of Metallurgy and Materials Technology,
University of Surrey,
Stag Hill, Guildford,
Surrey GUI 5XH
Received March 23, 1973.
1 Muller, Fr., and Kuss, H., Helv. Chim. Acta, 33, 217 (1950).
2 Kochergin, S. M., and Vyaseleva, G. Ya., Electrodeposition of
Metals in Ultrasonic Fields, 19 (Consultants Bureau, New 
York, 1966).
3 Lanyi, R. J., Lane, D. H., Forbes, C. A., and Ricks, H. E.,
S.A.E. Transactions, 71, 520 (1963).
4 Petrov, Yu. N., and Nud’ga, V. N., Vestn. Mashinostra, 46, 50
(1966).
5 Petrov, Yu. N., Appl. Electrical Phenom., 21 (1965).
6 Walker, R., and Clements, J. F., Metal Finishing J., 16,100 (1970).
7 Walker, R., Proc. 12th Seminar Electrochem., 385 (Karaikudi,
India, 1972).
8 Kelsen, E., Austrian Patent No. 121,986 (1931).
9 Levi, F., Ric. Sci., 19, 887 (1949).
10 Balashova, N. N., Zhikh, V. A., and Ibragimova, A. F., Protec­
tion Metals, 5, 252 (1969).
11 Nud’ga, V. N., Appl. Electrical Phenom., 40 (1967).
12 Rummel, Th., and Schmitt, K., Korrozion u. Metallschutz, 4, 101
(1943).
13 Kozan, T. G., Plating, 49, 495 (1962).
14 Roll, A., Metal Finishing, 55, 55 (1957).
15 Eisenberg, P., Appl. Mech. Rev., 10, 85 (1957).
Printed in Great Britain by Flarepath Printers Ltd., St. Albans, Herts.
Electrodeposition and Surface Treatment
Elsevier Sequoia S.A., Lausanne - Printed in Switzerland
457
EFFECT OF ULTRASONIC AGITATION ON SOME PROPERTIES 
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SUMMARY*
This paper reviews the effect of ultrasonic agitation of the plating solution 
on the grain size, hardness, internal stress, porosity and brightness of electrode­
posited metals. Generally, the hardness and brightness of electrodeposits are 
increased by ultrasonic agitation, whereas the porosity is decreased. Results from 
different sources for the effect of ultrasound on internal stress are conflicting, 
although coatings which are codeposited with hydrogen usually have a reduced 
internal stress. The influence of ultrasonic vibration on deposit grain size appears 
to be the controlling factor in most, if not all, property changes; dehydrogenation 
and the codeposition of extraneous particles, however, may also be important.
INTRODUCTION
The application of ultrasonic agitation to electroplating was the object of 
many exaggerated claims in the fifties. Since then it has been demonstrated that 
definite advantages may be gained by its use. For example, a comparison of the 
results obtained by several different workers indicates that plating in an ultrasonic 
field may produce electrodeposits with an increased brightness and hardness, 
better adhesion to the substrate, a finer grain size, and a reduced internal stress 
and porosity. Moreover, good quality deposits can be obtained at higher current 
densities than normal, which leads to a decrease in the deposition time required to 
produce a certain plate thickness. In the past few years, these advantages have 
resulted in attempts to utilise ultrasonic agitation in industrial plating processes.
Most of the literature relevant to this subject is of Russian origin and con­
tains many conflicting results. The reason for the discrepancies is probably the 
fact that the geometry of the plating baths and the method by which ultrasound is
* Resume en frangais a la fin de Farticle. Deutsche Zusammenfassung am SchluB des Artikels. 
Electrodepos. Surface Treat., 1 (1972/73)
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applied to the electrolyte differ widely; both these factors affect the efficiency with 
which acoustic energy is transferred to the electrolyte. It is also difficult to compare 
results obtained by different workers because ultrasound of differing frequency 
and intensity is used. The literature generally assumes that ultrasound produces a 
characteristic type of mixing and heating and it appears to influence the cathodic 
process in more fundamental ways than can be explained merely by rapid stirring 
of the electrolyte.
This article reviews the effect of ultrasonic agitation on the grain size, 
hardness, internal stress, porosity and brightness of electrodeposits. Because 
these properties depend on the electroplating conditions, important experimental 
parameters, particularly ultrasonic frequency (f) and intensity (/), are stated when­
ever they are specified in the original paper.
PROPERTIES OF DEPOSITS
Grain size
It is generally agreed that ultrasonic agitation reduces cathodic polarization 
during electrodeposition1-5. Therefore, deposits produced in an ultrasonic field 
should have a larger grain size than those formed in static electrolytes. Rummel 
and Schmitt6 observed an increase in the grain size of copper deposits from an 
acid sulphate electrolyte (CUSO4.5H 2O 200 g/1, H 2SO4 30 g/1) when subjected to 
an ultrasonic field ( /  =  330 kHz). Similarly, Kozan7 found that ultrasonic agita­
tion ( /  =  20 kHz) favoured the formation of coarse grained deposits from a Watts 
bath at current densities in the range of 200-1000 Am-2 and Roll8 reported that 
ultrasound ( /  =  34 kHz, I =  3 X 103 Wm-2) produced large grained silver de­
posits from cyanide electrolytes at a current density of 200 Am-2.
Several workers have found that the grain size of electrodeposits remained 
unchanged or actually became smaller under the influence of ultrasonic agitation. 
For example, Levi9 found that when a silver nitrate electrolyte (AgNC>3 89 g/1) 
was subjected to an ultrasonic field of frequency 5200 kHz and generator output 
intensity (1.6-5) x  104 Wm-2, fine grained silver deposits were produced. Balashova 
et a/.10 reported the formation of fine grained chromium deposits from several 
sulphate electrolytes (Cr0 3 /S0 4  ratio 100) when subjected to an ultrasonic field 
( /  =  19 kHz). This agrees with the findings of Nud’ga11 and also Ginberg and 
Nud’ga12 who reported that in the current density range of 3,000 to 21,000 Am-2 
ultrasound ( / =  19 kHz, I =  1.25 X 104 Wm-2) reduced the grain size of chromium 
deposits from a tetrachromate electrolyte (CrC>3 380 g/1, H 2SO4 20 g/1, NaOH 
50 g/1, sugar 1.5 g/1). Nud’ga11 stated that the ultrasound decreased the grain size 
by a factor of 2-8 and this was accompanied by an increase in the microdistortion 
of the grain structure and an 11-fold increase in the dislocation density. Walker 
and co-workers13>14 found that the grain size of copper deposits from the acid 
sulphate bath decreased when ultrasonic agitation ( /  =  30 kHz) was used.
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Schiele and Weiner15, who studied chromium, copper, nickel and silver 
plating, reported that the grain size of electrodeposits produced in an ultrasonic 
field could be larger or smaller than that of deposits obtained from a static elec­
trolyte. When an ultrasonic field of frequency 20 kHz was used, the grain size of 
chromium deposits from a sulphate electrolyte became smaller as the ultrasonic 
intensity was increased to its maximum value of 1.8 x  104 Wm-2. In the case of 
nickel deposits from a sulphate electrolyte, however, an increase in the ultrasonic 
intensity caused coarser grained deposits. Ultrasound (J = 2 0  kHz) had little effect 
on the structure of copper and silver deposits from cyanide electrolytes, although 
the structure of copper deposits became slightly coarser when the ultrasonic 
intensity was greater than 1.2 X 104 Wm-2. A similar increase in the grain size of 
silver deposits was also recorded, but only at intensities greater than 1.8 X 104 
Wm-2. A 1 MHz field caused marked changes in the structure of chromium, 
copper and silver electrodeposits. The ‘island’ structure present in chromium 
deposits from static electrolytes was unaffected by the 20 kHz ultrasonic field, but 
was partly eliminated in the 1 MHz field at an intensity of 2.5 X 102 Wm-2 and 
completely eliminated at an intensity of 1.65 X 104 Wm-2. A distinct change in 
the structure of copper and silver deposits was observed. Copper was found to 
consist of coarse grained aggregates at an intensity of 2.5 X 102 Wm-2, whereas 
at an intensity of 6.5 x  103 Wm-2 a more homogeneous deposit consisting of 
small islands was obtained, and at an intensity of 1.65 x  104 Wm-2 there was a 
superimposition of both structures. Silver deposits exhibited similar changes ex­
cept that the structure of silver at an intensity of 1.65 X 104 Wm-2 parallelled that 
of copper at 6.5 X 103 Wm-2.
Bondarenko and co-workers16* 17 found that ultrasonic agitation ( /  =  100 
kHz and 1250 kHz) had little effect on the structure of zinc deposits from an 
ammoniacal electrolyte (ZnO 10 g/1, ZnCU 10 g/1, NH4CI 250 g/1, H3BO3 20 g/1), 
although deposits produced on a vibrating cathode ( /  =  100 kHz, amplitude 0.8 
mm) differed substantially from those obtained from a static electrolyte in having 
a smaller grain size at current densities below 150 Am-2 and a larger grain size 
above 150 Am-2. Similarly, Ginberg18 reported that ultrasonic agitation could 
lead to the formation of either fine or coarse grained nickel deposits depending 
on the current density used. Fine grained deposits, however, were produced only 
at very high current densities but within the normal current density range ultra­
sound increased the nickel grain size.
Hardness
It is widely accepted that ultrasonic agitation increases the hardness of 
electrodeposited metals, although there exists some divergence o f view regarding 
the magnitude of the increase obtained and the factors responsible. For example, 
Muller and Kuss19 found that the hardness of chromium deposits produced on a 
vibrating cathode ( / =  16 kHz) increased by an average of 40%, whereas the hard­
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ness of copper, nickel and chromium deposits obtained in an ultrasonic field 
( f  =  320 kHz) increased by only 15 to 20%. Lanyi et al.20 also observed that elec­
trodeposits produced in an ultrasonic field were harder than deposits obtained by 
conventional practice (see Fig. 1). In all cases the hardness of the deposits formed 
under ultrasonic conditions exceeded that of deposits from an electrolyte subjected 
to air agitation; silver was only 15% harder, copper 48%, whereas the increase was 
much higher for cadmium (160%) and zinc (106%). Similarly Kochergin and 
Vyaseleva21 reported that the hardness of nickel deposits formed in an ultrasonic 
field ( /  =  23 kHz, I  =  2 X 104 Wm-2) were 60% harder than those produced 
under ordinary conditions. Several workers22-24 have found that the hardness of 
chromium deposits increased by approximately 100% when obtained at current 
densities of up to 20,000 Am-2 from a chromate electrolyte subjected to ultrasonic 
agitation ( f =  19.5 kHz, I  =  0.8-1.25 X 104Wm-2). Walker and co-workers13*25'26 
found that the hardness increased with the application of ultrasound ( / =  30 kHz) 
in several metal deposits. Copper deposits from the acid sulphate bath became 
harder compared with the still bath, 75 to 111 HV13 and 86 to 105 HV25 depending 
upon the conditions, while those from the cyanide bath changed from 146 to 185 
HV25. The hardness of nickel deposits from the Watts bath increased25 from 
241 to 310 HV and 215 to 242 HV but the change in zinc was negligible (46 to 
49 HV). It was observed that the hardness of copper deposits from the sulphate 
bath, both with and without the addition of a brightening agent, benzotriazole, 
increased with a rise in the current density from 50 to 650 Am-2 ; the effect of 
ultrasound was larger at the higher current density26.
There are a number of exceptions to the general finding that ultrasound 
increases the hardness of electrodeposits. The hardness of nickel coatings obtained 
from sulphate electrolytes at various current densities in the range of 100 to 200 
Am-2 was studied by Trofimov27, who found that ultrasound ( /  =  30 kHz, 
7 = 3  x  103 Wm-2) reduced the hardness of nickel deposits by approximately 
100 HV. Since a smaller grain size was observed, the fall in microhardness was 
explained by a reduction in the degree to which atomic hydrogen penetrated the 
nickel lattice during electrodeposition. Kozan7, however, stated that ultrasonic 
agitation did not cause any significant change in the hardness of nickel deposits.
Plated
metal
Hardness HV (100 g load)
Conventional
range
Air
agitation*
Ultrasonic
agitation*
Silver 55-80 88 104
Copper 35-190 167 248
Cadmium 15-60 36 84
Zinc 45-120 50 103
Fig. 1. The effect of agitation on the microhardness of some electrodeposits20. 
* Current density 850 Am-2; Deposit thickness 1.25 X 10-6 m.
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Other workers have found that ultrasound has almost no effect on the hardness 
of electrodeposited chromium28- 29, copper27- 30 and zinc4* 31.
Internal stress
Almost all the investigations into the effect of ultrasonic agitation on the 
internal stress of electrodeposits, with the exception of that of Walker and Cle­
ments13, have been confined to metals such as chromium and nickel, in which the 
co-deposited hydrogen is considered to be an important cause of internal stress.
The results obtained by different workers for the effect of ultrasonic agita­
tion on internal stress are often contradictory. Consequently confusion exists over 
the precise effect which ultrasound has and the factors responsible. For example, 
Walker and Clements13 reported that ultrasonic agitation ( /  =  30 kHz) reduced 
the internal tensile stress of copper deposits from an acid sulphate electrolyte by 
at least 20% compared with that from a stirred bath; a similar effect was observed 
for nickel. It is interesting to note that Walker25 recorded a decrease in the tensile 
stress in copper and nickel deposits and also a decrease in the compressive stress 
in zinc deposits. According to Petrov and Nud’ga22, an ultrasonic field ( /  =  19.5 
kHz, I =  0.1-1.5 X 104 Wm-2) decreased the internal stress of chromium deposits 
by a factor of 1.1-1.5. In a later paper, however, Nud’ga and Ginberg23 reported 
that an ultrasonic field of similar characteristics ( /  =  19 kHz, I =  1.25 X 104 
Wm-2) reduced the internal stress of chromium coatings by a factor of 3.0-3.5. 
Kochergin and Vyaseleva32 found that ultrasound ( /  =  20-30 kHz, I — 0-1 X 104 
Wm-2) reduced the internal stress of nickel deposits from (1.49-1.96) x  106 MN m-2 
to (0.76-1.17) X 106 MN m-2. Several other workers33-35 have also observed 
that ultrasonic agitation lowered the internal stress of nickel deposits.
In contrast to the above, ultrasonic agitation has also been found to increase 
the internal stress. For example, Kozan7 reported that the average stress present 
in thin nickel coatings was slightly higher when deposition was accompanied by 
ultrasonic agitation ( /  =  20 kHz), and that conventional hard chromium deposits 
of thickness up to approximately 5 X 10-6 m exhibited a marked increase in 
internal stress. Above this thickness the average stress was virtually the same as 
that for chromium deposits produced by normal practice. Smirnova and 
Kudryavtsev28 found that the magnitude of the internal stress in chromium 
deposits subjected to ultrasonic agitation ( /  =  20 kHz) was slightly higher than 
that of deposits produced by conventional means, although the variation in the 
average stress with the deposit thickness was almost unaffected by the presence of 
ultrasound. Similarly, the internal stress of iron deposits has also been found36- 37 
to be increased by an ultrasonic field.
Porosity
It has been widely reported that electrodeposits produced in the presence of 
ultrasonic agitation are less porous than those obtained by conventional practice.
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Hickman38 studied the influence of ultrasound ( /  =  20 kHz) on the porosity 
of nickel deposits from a Watts bath formed on an armco iron cathode. He found 
that the minimum porosity in a deposit 12.5 X 10-6 m thick was approximately 
95% less than that obtained with conventional agitation. This low porosity, how­
ever, occurred at a current density between two and four times greater than nor­
mally used. Bystrov et a/.39 reported that thin nickel deposits from a Watts bath 
subjected to ultrasound ( /  =  27 kHz, I =  0.5-5 X 104 Wm-2) had 8-12 pores 
cm-2, whereas without ultrasound they contained 20-25 pores cm-2. This effect 
is illustrated in another paper25 which showed that ultrasonic agitation removed 
hydrogen bubbles and consequently reduced porosity. Kozan7 also found that 
the porosity of nickel deposits produced on a stainless steel cathode was signifi­
cantly lower when formed in the presence of ultrasonic agitation (f  =  20 kHz). 
Trofimov27 reported that ultrasound ( /  =  30 kHz, I =  3 X 103 Wm-2) reduced 
the porosity of nickel and zinc deposits formed on steel cathodes by approximately 
30% and the porosity of copper deposits by approximately 10%. Balashova 
et al.10 found that ultrasonic vibration ( / =  19 kHz) reduced the porosity content 
of chromium deposits from a chromate electrolyte by approximately 30%.
Brightness
Most authors4- 8> 40-44 are agreed that electrodeposits formed in an ultra­
sonic field are brighter than those produced at identical current densities under 
conventional conditions. Thus Kochergin and Terpilovskii45 found that deposits 
of cobalt, copper, lead, nickel and tin produced in an ultrasonic field ( / =  21 kHz, 
I =  5.88 X 104 Wm-2) were smoother and brighter than those obtained by normal 
practice and Walker and Benn14 showed that copper deposits produced with 
ultrasound were brighter and had a finer surface topography. Shenoi et a/.46 
reported that ultrasonic agitation ( /  =  20 kHz) caused the formation of very 
smooth bright nickel coatings from a Watts bath whereas normally this electrolyte 
produces only dull deposits. They found that nickel coatings produced in the acous­
tic field at a current density of 600 Am-2 exhibited a specular reflectivity of 51% 
compared with 28% for deposits produced in the absence of ultrasound. Vrobel47 
carried out an extensive study of the effect of ultrasonic agitation ( /  =  20 kHz, 
I —  0-1.2 X 104 Wm-2) on the brightness of gold coatings and found that the 
reflectivity of gold deposits produced by conventional practice fell from 96% to 
73% when the current density was raised from 20 to 100 Am-2. Under the influence 
of ultrasonic agitation ( /  =  20 kHz, I —  3 X 103 Wm-2), however, the reflectivity 
remained above 90% at current densities up to 180 Am-2.
A number of workers19’ 42> 43 reported that ultrasonic agitation raised the 
lowest current density at which bright deposits were produced and extended the 
current density range over which lustrous coatings are formed. For example, 
Roll8 found that ultrasonic agitation moved to higher values the current density 
range in which bright nickel deposits were produced; in a quiescent electrolyte
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the brightest coatings were obtained at a current density of 27 Am-2, whereas the 
same degree of brightness was achieved at the very much higher value of 400 Am-2 
in an ultrasonic field ( /  =  34 kHz, /  =  3 X 103 Wm-2).
Similarly, Trofimov and Kapustin44 reported that with the aid of ultrasonic 
agitation ( /  =  30 kHz, 1 — 3 X 103 Wm-2) bright nickel and copper coatings could 
be produced from acid sulphate electrolytes at current densities 300% to 400% 
higher than those used in normal practice. Good quality copper coatings were 
obtained from pyrophosphate electrolytes at current densities up to 500 Am-2, 
whereas under conventional conditions the surface quality of deposits deteriorated 
markedly at current densities greater than 60 Am-2.
DISCUSSION
Grain size
Very little quantitative work has been carried out on the effect of ultrasound 
on the grain size of electrodeposits. Usually the grain size has been assessed from 
a microscopic examination of the surface with no account being taken of the fact 
that the grain size may vary with the thickness of the coating.
Ultrasonic agitation does not appear to have any specific effect on the grain 
size of electrodeposits. In general, the change depends upon the metal being de­
posited, the experimental conditions such as current density, and the frequency and 
intensity of the ultrasonic field15. There appears to be wide-spread agreement, 
however, that ultrasound should cause an increase in the deposit grain size since it 
reduces concentration polarization, but the reverse has been found particularly 
in chromium10-12. Bondarenko and co-workers16* 17 have indicated that changes 
in the magnitude and rate of cathodic passivation may be responsible for the con­
tradictory results. Passivation favours the formation of nuclei and consequently 
fine grained deposits, whereas a decrease in concentration polarization at the cathode 
surface reduces nucleation and gives coarse grained deposits. They found that, 
during the deposition of zinc in an ultrasonic field and also on a vibrating cathode, 
passivation predominates at low current densities while the decrease in polarization 
is more important at higher current densities.
The conflicting results obtained for nickel may be associated with the forma­
tion of nickel hydroxide at the cathode18. Ultrasonic agitation of the solution 
reduces the increase in alkalinity of the catholyte during plating so that less hy­
droxide is precipitated and also disperses the hydroxide and lowers the sedimenta­
tion rate by a factor of ten48. These effects decrease the number of nuclei and con­
sequently coarser grained deposits are formed. At higher current densities the pH 
change, even with ultrasound, is greater so that more precipitation occurs and finer 
grained deposits are produced.
Barnartt49 proposed that the effect of ultrasound on grain size is the result of 
two opposing processes. The first is the violent agitation which reduces the con­
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centration polarization and promotes the formation of larger grains, and the second 
is the high frequency mechanical vibrations which may induce prolific nucleation 
in the depositing metal resulting in a finer grain size (as observed in the solidifica­
tion of metallic melts).
Hardness
Several theories have been proposed to explain the increase in hardness in 
deposits produced with ultrasound and these include the production of a deposit 
with a smaller grain size and/or the incorporation in the deposit of foreign particles, 
or it may be associated with the presence of a high internal stress in the coating.
Kochergin and Vyaseleva21 found that ultrasonic agitation produces smaller 
grained nickel deposits and conclude that grain size and packing density play a 
major role in the variation of hardness. Although illustrations in their paper19 
indicate that the harder deposits have a smaller grain size, Muller and Kuss19 and 
others50-53 considered that the higher hardness is due to the inclusion of an in­
creased number of foreign particles in the deposit that can reduce the mobility of 
dislocations during deformation. Kelsen54 pointed out, however, that suspended 
impurities in the electrolyte do not easily adhere to the cathode because it does not 
follow the movement of the particles but this may not apply if the intensity of the 
ultrasound drops below the cavitation threshold of the liquid. Kochergin and 
Vyaseleva21 showed that below the cavitation threshold the variable sound pres­
sure of the acoustic field becomes the controlling factor in any property change. 
Under these conditions no dispersion of the particles occurs, the cathode becomes 
passivated, a smaller grain size results and more particles are included in the 
deposit, which gives an increase in hardness. When the ultrasonic vibration is 
accompanied by cavitation dispersion occurs, the cathode is depassivated and the 
number of particles included decreases. The inclusion of hydrogen, which can 
result in lattice deformation, is not thought to be a primary factor in increasing the 
hardness because the amount contained in deposits of nickel formed under ultra­
sonic conditions has been found to be half that present in conventionally produced 
deposits. The fact that ultrasound decreases the internal stress in deposits cannot 
account for the increase in the hardness.
The hardness of iron deposits36’ 55 has been reported to increase as the 
ultrasonic intensity is raised. This is believed to be related to the elfect of cavitation 
on the cathode and to the production of microdistortions. The results of Muller 
and Kuss19 indicate that the effect on the hardness is more pronounced at low 
frequencies and this may be associated with the fact that the cavitation threshold 
rises as the frequency is increased.
Internal stress
The results for the effect of ultrasonic agitation on the internal stress of 
electrodeposits are contradictory. Because ultrasound has been shown to reduce the
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amount of hydrogen occluded in nickel deposits56 and hydrogen is considered to 
be a possible cause of internal stress in electrodeposits57, it follows that ultrasonic 
agitation should reduce the internal stress in metals that are codeposited with 
hydrogen. Furthermore, Kochergin and Vyaseleva56 found that both the amount 
of hydrogen and the internal stress are reduced in nickel deposits when ultrasonic 
agitation is used. This decrease in the stress has been recorded for chromium20’ 21 
and nickel29-32.
Zaidman37 has suggested that the increase in the internal stress in iron 
deposits caused by ultrasonic agitation can be explained by the following factors: 
a decrease in the change of the pH in the catholyte, the desorbing action of ultra­
sound, a decrease in the grain size and an increase in the microdistortion and 
dislocation content in the coating. These factors may also explain the changes 
in stress in other metallic coatings, for example, the stress in nickel deposits is 
very dependent upon the solution pH58 and the relationship between a high tensile 
stress and a low grain size has been observed previously59-61.
Zaidman and Bioko36 also found that the stress in iron deposits increases 
with the ultrasonic intensity. Again this was attributed to the effect of cavitation 
on the cathodic surface and the growth of micro-distortions.
Porosity
It is widely believed that the reduction in porosity achieved by ultrasonic 
agitation is caused by the accelerated removal of hydrogen from the cathode surface 
during plating38’ 62-64 allows uniform deposition to occur and prevents the 
formation of pores in the coating where the substrate is shielded from deposition 
by hydrogen bubbles.
Kochergin and Vyaseleva62 concluded that, as well as the hydrogen effect, 
the ultrasonic field causes the formation of a fine grained, densely packed deposit 
which has a low porosity. This second effect probably accounts for the reduction 
in porosity in metals, which are not codeposited with hydrogen, although the 
depassivating action of ultrasound may also contribute to the reduced porosity62.
Brightness
Little work has been carried out solely on the effect of ultrasonic agitation 
on the brightness of deposits and most of the observations have been made while 
studying other properties.
The current density at which bright coatings are initially deposited and the 
degree of brightening increase as the intensity of the acoustic field is raised. High 
intensity ultrasonic agitation ( /  =  20 kHz, I  — 5 X 104 Wm-2), however, has 
been found42- 43 to cause a considerable deterioration in the surface quality of 
bright silver coatings. Also, deposits formed at high current densities are not 
necessarily brighter than those formed at lower current densities.
The increase in the current density at which lustrous coatings are produced
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and the broadening of the current density range in which bright deposits are ob­
tained are due to the fact that ultrasonic agitation raises the limiting current 
density to substantially higher values. This extends the range of current density in 
which good quality, small grained deposits of high grain packing density are formed.
The increased brightness generally exhibited by coatings produced in an 
ultrasonic field is normally associated with a small deposit grain size and higher 
packing density. For example Kochergin and Vyaseleva65 investigated the effect 
of ultrasonic vibration on the brightness of nickel deposits. They observed that 
during electrodeposition the surface of the cathode is depassivated and the result­
ing deposit has a finer grain size and higher grain packing density, but the texture 
is less perfect. Thus they concluded that the increase in the brightness of electro­
deposits resulting from ultrasonic vibration is caused by the formation of small 
grained deposits.
CONCLUSIONS
The effect of ultrasonic agitation on the properties of electrodeposits depends 
on the metal being deposited, the electroplating parameters and the characteristics 
of the acoustic field used. The fact that different workers have not used identical 
experimental conditions explains why many of the results contained in the literature 
are contradictory. It is possible, however, to make a few generalizations regarding 
the effect of ultrasonic agitation on the properties discussed. For example, the 
effect of ultrasound on deposit grain size appears to be the governing factor in 
most property changes; the grain size may be larger or smaller depending on whether 
ultrasound causes depolarization or passivation of the cathode. Also, the bright­
ness and hardness of electrodeposits are generally increased by an ultrasonic field 
whereas the porosity is decreased. Coatings exhibiting these property changes 
generally have a smaller grain size and higher packing density than deposits 
produced by conventional means.
Results for the effect of ultrasonic agitation on the internal stress of electro­
deposits are highly contradictory. Thus it is difficult to reach any definite conclu­
sions, although deposits which are codeposited with hydrogen usually have a lower 
internal stress, since ultrasound reduces the amount of hydrogen occluded in the 
coating. In the case of deposits which are not codeposited with hydrogen or are 
produced at current densities where only slight hydrogen evolution occurs the inter­
nal stress appears to be dependent on the grain size of the deposit and may be 
higher or lower than normal.
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U ejfet de Vagitation ultrasonique sur certaines proprietes des depots galvaniques
On etude l’effet de l’agitation ultrasonique de la solution galvanique sur la 
finesse de grain, la durete, l’elfort interne, la porosite et la brillance des depots 
galvaniques de metaux. En general, la durete et la brillance des depots sont accrus 
par l’agitation ultrasonique, tandis que la porosite est diminuee. Les resultats 
provenant de differentes sources concernant l’effet de l’ultrason sur les efforts 
internes sont contradictoires, quoique des revetements co-deposes a l’hydrogene 
ont d’habitude des efforts internes reduits. L’influence des vibrations ultrasoniques 
sur la finesse de grain du depot se revele comme etant le facteur reglant la plupart, 
sinon la totalite des modifications des proprietes; toutefois, la deshydrogenation et 
la co-deposition de particules externes peuvent egalement etre des facteurs impor- 
tants.
Wirkung von Ultraschallruhren auf einige Eigenschaften elektrolytisch abgeschie- 
dener Metalle
Diese Arbeit ist eine Ubersicht zu den Wirkungen, die Ultraschallruhren 
von Galvanisierelektrolyten auf die KorngroBe, die Harte, die inneren Spannungen,
Electrodepos. Surface Treat., 1 (1972/73)
